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ABSTRACT OF DISSERTATION 
 
 
 
 
ORGANOMETALLIC MATERIALS: FERROCENO[C]THIOPHENES 
AND 
1,2-BISTHIENYLMETALLOCENES 
 
 
Development of synthetic routes toward two general organometallic frameworks 
was undertaken. The first project involved synthetic attempts of substituted and 
unsubstituted ferroceno[c]thiophene while the second one was the synthesis of 1,2-
dithienylmetallocenes. The long-term goal of this work is to lay the foundations for study 
of electronic, electrochromic, redox, and optical properties of thiophene-based materials 
integrated with organometallic systems such as ferrocene, ruthenocene and cymantrene. 
The synthetic pathway for the target molecule in the first project involved converting 1,2-
bis(hydroxymethyl)ferrocene to 1,2-bis(thiouroniummethyl)ferrocene with thiourea under 
acidic conditions. Refluxing the salt in base followed by acidification resulted in 1,2-
bis(mercaptomethyl)ferrocene, which is oxidized to the cyclic ferroceno[d]-1,2-dithiane. 
	Ring contraction of cyclic dithiane gave the thioether, ferroceno[c]-2,5-dihydrothiophene. 
Periodate oxidation of the thioether gave ferroceno[c]-2,5-dihydrothiophene-S-oxide (1), 
a potential precursor for ferroceno[c]thiophene via Pummerer dehydration. Attempts to 
dehydrate 1 and to trap the resulting thiophene in situ indicated instability of the target 
compound. Synthesis of ferroceno[c]thiophene with electron-donating as well as electron-
withdrawing substituents at the 2,5-positions of the thiophene ring was attempted.  
1,2–Dithienylethenes and their derivatives have gained increased attention due to 
their exceptional photochromic property. They tend to be thermally irreversible but 
photochemically reversible, which is a vital for their potential use in optical memories, 
switches and other optoelectronic applications. Inspiration of the second project was that 
incorporation of 1,2-dithienyl systems into metallocenes would enhance the general 
properties of the molecule, including stability, fatigue resistance, solid-state reactivity and 
higher sensitivity. 1,2-Dithienylferrocene was successfully synthesized. The synthetic 
pathway for 1,2-dithienylferrocene involved the reaction of α-bromo-3-acetyl-2,5-
dimethylthiophene (1) with ethyl 4-(2,5-dimethylthiophen-3-yl)-3-oxobutanoate (2) to 
give 2,3-diarylcyclopent-2-en-1-one (3). 
Compounds 1 and 2 were synthesized following literature methods. Compound 3 was then 
converted to its cyclopentadienide form by first reducing the ketone to alcohol using LAH, 
	followed by dehydration and then deprotonation of the substituted cyclic diene using 
butyllithium to give 1,2-bis(2,5-dimethylthiophene)-2,4-cyclopentadien-1-yl)lithium (4). 
[Fe(fluorenyl)(Cp)] was then used as a transfer reagent and reacted with 4 to yield the target 
compound. 
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Chapter 1 : Conducting Polymers – Thiophene-Based Materials 
1.1. Introduction 
Seminal work by Heeger, MacDiarmid, and Shirakawa in 1977, reporting metal-like 
conductivity of oxidatively doped polyacetylene, stimulated great research interest in the 
area of conducting polymers.1,2 Materials with π-electrons that are delocalized over a 
largely regioregular polymer backbone display electronic conductivity and possible non-
linear optical effects.3-5 Such materials have potential applications in electronics and 
optoelectronics technology, including use in antistatic coatings, organic electronic 
components, photochromic devices and sensors, EMI shielding, energy storage, advanced 
fabrics, etc. Hence, development of conducting polymers is an interesting area of research. 
Despite the high conductivity of polyacetylene, first reported by Heeger and coworkers,6 
its low solubility and instability in air renders it impractical for any real-world application. 
Other common polymers, such as poly(paraphenylene) (PPP),7 poly(phenylenevinylene) 
(PPV),8,9 polyfuran (PFu),10 polythiophene (PTh),11,12 polypyrrole (PPy),13 and polyaniline 
(PANI),14 also exhibit varied conductivities upon “charge injection onto conjugated, 
semiconducting macromolecular chains.”15. In addition, these polymers have increased 
stability and exhibit other associated properties such as electrochromism.16-19 Low-band-
gap polymers are synthesized via chemical and/or electrochemical means. Chemical routes 
2	
are generally applied for bulk production, while electrochemical polymerization is 
preferred for thin films or microtechnology applications. Doping, which is required for 
such materials to realize variation in electrical, electrochromic, optical, magnetic and or 
structural properties, can be accomplished by charge-transfer chemical doping, 
electrochemical doping, or photodoping.15-17,19 Doping essentially causes a partial 
oxidation (p-type doping) or reduction (n-type doping) of the conjugated system.  
	
Figure 1.1. Some representative π-conjugated polymer systems. 
Processibility, such as solubility in various types of solvents, and long-term stability are 
indispensable for any envisaged practical use of electrically conducting polymers. 
Conductance within the polymer basically occurs via electron hopping or electron 
exchange between neighboring redox sites in redox polymers, and by the movement of 
delocalized electrons through conjugated systems in case of electronically conducting 
polymers such as PANI or PTh.20 Band theory generally explains conduction in polymers. 
X
X
X
( X= NH/N, S)
n
n
n
X
X
X
(X = NH, S)
n
3	
In an ideal, infinitely conjugated polymer chain, Peierls distortion21 results in the 
asymmetry of the conjugated system, giving rise to a band gap.  
	
Figure 1.2. Dimerization of ground states of PA. 
This creates energetically favorable “dimerization” into two inequivalent ground states 
with alternating bond lengths represented as R and L forms as shown in Figure 1.2. The 
two forms are separated by a nonzerogap that requires activation for interconversion. This 
interconversion barrier between the two forms corresponds to a thermally forbidden energy 
level crossing problem in Woodward-Hofmann logic.21 The dynamic processes taking 
place in π-conjugated systems, such as exciton formation, charge transport, charge 
recombination etc., impact rates of transfer of energy and charge, thus defining the 
characteristics of the material.22 Based on the ground-state degeneracy of the conjugated 
system, intrinsic excitations can be solitons, polarons, and bipolarons as charge 
carriers.2,21,23,24 An individual neutral or charged defect that propagates along the 
conjugated backbone interconverting the two forms is called a soliton (Figure 1.3). 
4	
Polarons are nontopological excitations resulting from injection of an electron or hole. 
Bipolarons constitute a bound pair of two polarons.2,25 Systems such as polyacetylene that 
have a twofold degenerate ground state have solitons as important excitons and charge-
storage species and systems such as polyheterocycles have polarons and bipolarons as 
excitons and charge-storage species. 
	
Figure 1.3. (a) Neutral soliton on a trans-(CH)x chain (b) Formation and propagation of 
two charged solitons. 
Other mechanisms developed for extrinsic (interstrand and interfiber) conduction 
processes include variable-range electron hopping and fluctuation-induced tunneling 
processes, or percolation mechanism for interchain charge transfer.26,27 
1.2. Conducting Polyheterocycles  
A unique aspect of conducting polymers is their uniaxial anisotropy because of π-electron 
delocalization along the backbone. Such intrinsically quasi-one-dimensional materials 
offer characteristic electrical and optical properties.2 Polyheterocycles differ from 
-2e-
(a) (b)
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polyacetylene by i) their nondegenerate ground states, namely the aromatic and the quinoid 
forms, ii) better environmental stability and iii) their potential to be structurally modified, 
leading to added modulation of electronic and electrochemical properties.28 
Polyheterocyclic conjugated systems such as PANI, PThs and their derivatives are an 
important part of the study of conducting organic polymers, both in terms of understanding 
fundamental principles as well as practical applicability.10,29 The heteroatom helps to 
stabilize the positive charge in an oxidatively doped polymer.30 Studies of intrinsically 
conducting polymers over the past few decades have resulted in continued development 
and modest use of materials for real-world applications involving electrochemical 
sensors,31,32 organic solar cells,33,34 biological,35,36 electronics, etc. 37 PTh, due to its high 
environmental stability in doped and undoped forms and the ease of derivatization, is 
considered a model for study amongst other heterocycles. In fact, over five thousand 
scientific papers have been published over the last five years on PTh and its derivatives 
and applications. One of the first truly low-bandgap polymer derivatives of thiophene was 
polyisothianaphthene, PITN, (Figure 1.4) by Wudl and Heeger.38 Contribution from the 
non-degenerate ground state due to the opportunity of resonance contribution from quinoid 
canonical forms in case of PITN, results in lowering the band gap. Wudl et al.39 reported 
the bandgap of PITN to be 1.0–1.2 eV, about half that of the parent PTh. 
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Scheme 1.1. Synthesis of PITN reported by Wudl and Heeger.38 
Many fused-thiophene ring systems display useful properties. For example, liquid 
crystalline, conjugated PTh exhibits thermochromic and solvatochromic properties,40 
forms self-assembled molecular networks,41 is used in electrochemical capacitors,42 
semiconductors, optical devices,43 antistatic coatings and electronic displays.44,45  
	
Figure 1.4. Canonical forms of PITN. 
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1.3. Bandgap Control in Thiophene-based Polymers 
The low bandgap in PTh is a desirable property, particularly for application in devices like 
solar cells and light-emitting diodes. Composition and structure of the monomer and the 
electron delocalization along the polymer chain are directly related to the bandgap of the 
system. Thus, its resulting electronic structure directly corresponds to the bandgap of the 
material and its optoelectronic properties. Therefore, planarity of the aromatic PTh 
derivative is critical to sufficient delocalization of the π-electrons in order to tune its 
bandgap. Investigations into development of new synthetic methods and study of reactivity 
of PITN began the era of low-bandgap thiophene-based polymers. Jen and Elsnbaumer46 
reported synthesis of p-doped PITN simply by air oxidation of 1,3-
dihydroisothianaphthene (DHITN) in presence of FeCl3. Other modifications include 
oxidation of the poly(dihydroisothianaphthene) with sulfuryl chloride (SO2Cl2) to generate 
the aromatic polymer as reported by Liberto et al.,47 photopolymerization of 
isothianaphthene (ITN) in presence of CCl4 and tetrabutylammonium bromide,48 as well as 
direct electrochemical polymerization of PITN from DHITN.49 A slightly shorter approach 
to the original method via oxidation of 1,3-dihydrobenzo[c]thiophene-S-oxide with 
sulfuric acid or N-chlorosuccinimide was reported by Hoogmartens et al.50 Reaction of 
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phthalic anhydride with phosphorus pentasulfide presented a one-step synthesis of PITN,51 
but the product exhibited lower conductivity than that produced by other methods.  
In order to enhance oxygen stability of the polymer, Heeger et al.52 reported the synthesis 
of poly(5,6-dioxymethyleneisothianaphthene) (PDOMITN) via chemical and 
electrochemical routes in 1990. 
	
Scheme 1.2. Chemical structure of PDOMITN. 
A number of derivatives of PITN with electron-withdrawing and -donating 
substituents50,51,53-57 have been reported, and their optoelectronic properties have been 
studied. Oligothiophenes emerged as promising organic electronic materials with the 
account of α–sexithiophene (6T) used as active semiconductor material in organic field-
effect-transistors (OFETs) by Garner et al.58 Other oligothiophenes such as end-capped 
oligothiophenes (ECnT) with chain lengths of 5 to 7 (n = 5–7) exhibiting 
electroluminescence, used in organic light-emitting diodes (OLEDs),59 and α–thiophene 
octamer (8T) functioning as p-type semiconductor for use in photovoltaic devices60 have 
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been reported as well. Many oligothiophenes and polythiophenes have been produced by 
grafting functional groups onto the thiophene ring. Poly(3-alkylthiophenes) (PATs), first 
synthesized in 1986,61,62 show improved stability and solubility, but lower effective 
conjugation due to head-to-tail (HT) defects of consecutive monomer units.29 
Poly(thieno[3,4-b]pyrazine) synthesized by Pomerantz et al.63 lowered the bandgap to 0.95 
eV by avoiding the steric interactions that exist between the hydrogen and the neighboring 
Th unit, as in case of PITN, thereby improving effective planarity and conjugation of TP-
based polymer. Fused thiophenes, such as thienothiophenes, dithienothiophenes and 
thienoacenes, are an exciting class of heterocyclic systems for incorporation into oligomers 
and polymers. Their planar, electron-rich structures provide possibilities for better 
intermolecular (π- π interactions and S–S contacts) interactions and molecular rigidity aids 
in extension of π-system, increasing effective conjugation length. Fused oligothiophenes 
are well-defined systems that are readily derivatized. A study of the relationship between 
molecular structure and conductivity of polythiophene (PTh), polythieno[3,2-b]thiophene 
(PTT), and polydithieno[3,2-b;2’,3’-d]thiophene (PDTT) was carried out by Brédas et al.64 
in 1989, with bandgaps slightly larger than that of PTh reported for the fused systems. The 
authors also concluded that the average number of charge carriers in doped systems was 
similar in the whole series and that interchain transport did not contribute to the 
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conductivity of the material. One of the lowest bandgap polymers from thieno[3,4-
b]thiophene derivatives was poly(2-phenyl-3-(thieno[3,4-b]thiophene-2-yl)acrylonitrile) 
with a reported value of 0.78 eV.65 A recent review by Ozturk et al.66 provide a 
comprehensive survey of oligomers and polymers based on fused thiophenes. However, 
the most prominent and often used conjugated polymer materials in commercial 
applications remain to be poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT-PSS)67 and regioregular poly(3-hexylthiophene) (P3HT)68 (Figure 1.5). 
Theoretical as well as experimental data have suggested that for linear π-conjugated 
system, the bandgap is affected by the competition between π-electron confinement within 
the aromatic monomer unit and delocalization along the chain.69  
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Figure 1.5. Some representative structural formulas of oligothiophene/polythiophene 
derivatives. 
Brédas et al. observed bandgap decreases with increasing quinoid character in conjugated 
polymers with nondegenerate aromatic and quinoid states.  
Although the discrete geometries of aromatic (A) versus quinoid (Q) structures cannot be 
defined distinctly, it may be characterized by variations in bond lengths and angles along 
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the polymer backbone, and therefore can be quantitatively related to the bond length 
alternation (BLA)70 in a conjugated system.  
	
Figure 1.6.71 Aromatic (A) and quinoid (Q) symbolic structural forms of (a) PTh, and (b) 
PITN. 
Conjugated systems can have aromatic or quinoid form as the ground state. The ground 
state of the conjugated system can be generally predicted from the minima on the potential 
energy surface (PES). For example Figure 1.7, shows that the ground state for PA is a 
degenerate case between aromatic and quinoid forms, while that of PpP is the aromatic 
form..72  
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Figure 1.7.70 Schematic potential energy curve along the reaction coordinate connecting 
two forms of a conjugated polymer. Top: PA, degenerate case; bottom: PpP, 
nondegenerate case. 
The factors affecting bandgap can be approximated using the following formula based on 
the perturbation approach of qualitative molecular orbital (MO) theory. 
𝑬𝒈	 ≅ 𝑬𝒈𝒕𝒐𝒑𝒐𝒍	 + 	𝑬𝒈∆𝒓 + 𝑬𝒈𝜽 + 𝑬𝒈𝒂𝒓𝒐𝒎 + 𝑬𝒈𝒔𝒖𝒃 + 𝑬𝒈𝒆𝒓𝒓𝒐𝒓 ………………. (1) 𝐸456768	 is the topological bandgap, 𝐸4∆  is the contribution from bond-length alternation 
(BLA) along the conjugated backbone, 𝐸49 is the effect of torsion of the conjugated plane, 
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𝐸4:;6<	is due to the presence of any aromatic moiety on the conjugated backbone, 𝐸4=>?	is 
a result of substitution effects, and 𝐸4@;;6; is influence of geometry defects, disorder, and 
interchain interactions.29,70 
	
Figure 1.8.29,70 Factors affecting bandgap of linearly conjugated polymers. 
Another growing class of conductive polymers incorporates transition metals. 
Incorporation of a metal onto the organic part can be as a side-group, where the metal 
binding site is pendant to the organic chain, or in the main chain, where the metal directly 
interacts with the organic backbone via metal-ligand interaction. These hybrids are thought 
to integrate physical and electronic properties of the organic polymer along with that of the 
metal together into the hybrid polymer.73 Such analogues of organometallic heterocycles 
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could potentially add a new dimension to the electronic and optoelectronic properties of 
monomers and the resulting polymers. The redox chemistry of the metal could facilitate 
reversible doping of the polymer without having to add an additional dopant species. In 
general, transition metal-containing π-conjugated polymers can be broadly classified into 
Type I, II and III materials. In Type I materials, the metal is tethered to the backbone by a 
non-conjugated linker. In Type II materials, the conjugated backbone and the metal are 
electronically coupled, and they may display resultant properties different from the metal 
and the polymer independently. Type III materials are those with the metal directly 
incorporated into the conjugated backbone of the polymer, enabling d–π mixing.74  
	
Figure 1.9. Classification of metal-containing conjugated polymers.74,75 
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The binding nature of the metal with the conjugated backbone can be via coordination (or 
dative) bonding, ionic metal-carbon or metal-heteroatom bonding, or metal-arene 
complexation.73 Conductivity in the metallopolymer can be classified according to two 
distinct redox conductivity mechanisms (Figure 1.10). The outer-sphere mechanism 
involves shuttling of electrons without mixing of the metal orbitals,75-77 and the inner-
sphere mechanism is the transfer of electrons facilitated by orbital overlap of the two metal 
centers via a mutually bridging ligand.75  
	
Figure 1.10. Mechanisms of electron transfer in molecular (left) and conducting polymer 
(right) systems.75 Reproduced with permission. 
Designing stable metal-organic hybrid systems requires two basic principles: matching 
donor ligands with high affinity to metal of interest and/or increasing the number of binding 
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sites between the metal and the ligand. Redox match or overlapping redox potentials 
between the metal atom and organic ligand is critical to ensure conductivity. Right 
combination between the oxidation potential of the electron-donating metal and the 
reduction potential of the ligand enables easier electron conduction between the two.73,75 
Suggested conduction mechanisms in type I, II, or, III polymers with respect to the relative 
metal and polymer redox potentials are outlined below. 
 
Table 1.1.74 Mechanisms of conductivity in Type I, II and III polymers. 
Polymer type Relative metal (Emetal) 
and polymer (Epolymer) 
redox potentials a 
Mechanism(s) of conductivity b 
Type I, II, III Emetal > Epolymer Polaron/bipolarons on polymer 
Type I Emetal ≈ Epolymer Polaron/bipolarons on polymer and outer-sphere 
ET between metals 
Type II, III Emetal ≈ Epolymer Inner-sphere ET between metals, 
polaron/bipolarons on polymer (redox matching)  
Type I Emetal < Epolymer Outer-sphere ET between metals 
Type II, III Emetal < Epolymer Inner- and/or outer-sphere ET between metals 
aMost conjugated polymers have broad redox waves, so Epolymer may be a range. 
bET - electron transfer. 
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Figure 1.11. Examples of transition metals incorporated into π-conjugated backbone 
monomers and polymers. (a) 1,1’-oligothienylferrocene,78 (b) Bis(dithiolene) complexes 
of Ni, Pd and Au,79 (c) Conjugated porphyrin tapes80 (d) Ruthenium(II) 
oligothienylacetylides,81 (e) Thiophene-substituted azaferrocene,82 (f) Oligothiophene-
functionalized metal alkynyls.83 
Synthetic methods for metal-containing conjugated polymers include cross-coupling 
reactions,83-85 ring-opening metathesis polymerization (ROMP),86-89 ring-opening 
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polymerization (ROP),90,91 as well as electrochemical polymerization involving oxidation 
or reduction of a monomer.92-94  
Our group is mainly interested in Type III materials and binding via metal-arene π-complex 
systems. Hence, incorporating organometallic sandwich or half-sandwich complexes such 
as ferrocene, ruthenocene, and cymantrene into the fused-π system is another logical 
pathway to such materials. The sandwich complexes could aid in better crystal packing and 
potentially assist in better charge mobility and stability, along with the added advantage of 
a redox active metal center.95 Incorporation of metals into the polymer backbone is a 
synthetic challenge that is being explored by many research groups including ours. Selegue 
group has had a long-standing interest in the development of synthetic routes to and 
fundamental studies of such small molecules/monomers based on η5-cyclopentadienyl-
fused heterocycles (Figure 1.12). Selegue and Swarat prepared the first transition metal 
complex of benzo[3,4-c]thiophene. The reaction was carried out with photolytically 
generated [Cr(thf)(CO)5] at room temperature with benzo[3,4-c]thiophene to give 
[Cr(C8H6S)(CO)3] (5) in 62% yield.96 Selegue and Wallace prepared the pyridazine 
[Ru{η5-1,2-C5H3(CPh)2N2}(Cp*)] (6) via two different routes. One method uses [Ru{η5-
1,2-C5H3(COPh)2}(Cp*)] with hydrazine monohydrate to form 6 in 73% yield. In the 
second method, deprotonation of cyclopenta[d]pyridazine with thallium ethoxide followed 
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by treatment with [Ru(µ3-Cl)(Cp*)]4 results in compound 6 in moderate yield.97 This is the 
first example of a metallocene fused to the d-edge of a pyridazine. In furthering the work 
on heterocycle-fused cyclopentadienyl systems with a variety of applications, Selegue and 
Snyder prepared η5-cyclopenta[c]thienyl complexes via two routes. In the first method, 
cyclopenta[c]thienyl group is attached to the metal center. Lithiation of 1,3-disubstituted-
4H-cyclopenta[c]thiophene, followed by treatment with Me3SnCl forms isolable 
intermediate [SnMe3(SC7H3-1,3-R2)], which reacts with [MnBr(CO)5] to give 7. The 
second method was coordination of a 1,2-diacylcyclopentadienyl ligand to [Mn(CO)3] 
followed by ring closure of the resulting complex using P4S10/NaHCO3/CS2.98 Other 
derivatives of ƞ5-cyclopenta[c]thienyl manganese complexes prepared in Selegue lab, 
include R = 4-ClC6H4, (CH-4-Br-C6H4) and 5-MeC4H2S.99  
	
Figure 1.12. Some organometallic complexes prepared by Selegue group: 5. η6-
benzo[3,4-c]thiophene complex of chromium(0); 6. sandwich pyridazine complex of 
ruthenium(II); 7. η5-cyclopenta[c]thienyl complexes of manganese(I) 
Current project at Selegue lab is aimed at developing monomers based on ferrocene-fused 
thiophene systems. Efforts are underway to prepare Type III metallopolymers chemically 
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and/or electrochemically. With respect to the relative difference in redox potentials of 
polythiophene and ferrocene, a hybrid conjugated polymer system of the two would 
potentially exhibit an inner- as well as outer-sphere conduction mechanism. Further 
success in synthetic methodologies, scrupulous characterization, as well as theoretical 
studies can conclusively reveal the properties of poly(ferroceno[c]thiophene) system. 
Appreciable progress has been made over the years for low bandgap materials with modest 
environmental stability compared to polyacetylene, such as PEDOT:PSS, P3HT, etc. 
However, an ideally stable, easily processible, zero-bandgap conducting polymer is yet to 
be reported.  
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Chapter 2 : Part A: Synthesis, Characterization and Reactivities of Ferrocene–Fused 
Thiophene Complexes 
2.1. Introduction   
The discovery of ferrocene in 1951 was pivotal to understanding π–complexation between 
a transition metal and the π–electrons of an organic moiety. This discovery of bonding 
between transition metals and organic unsaturated molecules was an important milestone 
of chemistry in general and organometallic chemistry in particular. Since the discovery, a 
plethora of studies has been reported about π–organic derivatives of the transition metals. 
The remarkable stability, ease of preparation, low cost, and facile electrophilic aromatic 
substitution of ferrocene make it a rich and exciting field of interest in synthetic and 
materials chemistry.100 Although a large amount of work has been done on ferrocene 
polymers, most include a 1,3– or 1,1’–substitution pattern of spacers (saturated as well as 
unsaturated) about the ferrocene unit or lateral attachment of side chains to the main 
chain.78,101 Ferrocene–fused five–membered ring systems can be considered analogous to 
the aromatic pentalenyl derivatives. Pentalene ligands also show a variety of coordination 
modes in transition metal complexes. Metal pentalenide complexes have potential 
applications as conductive or magnetic oligomers and polymers.102 Metallocene–fused 5–
membered heterocycles remain a minimally explored area. We intend to incorporate 
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heterocycles such as thiophene and furan with ferrocene and ruthenocene directly fused 
into the π–conjugated backbone and investigate amongst other properties the d–π mixing 
of the metallocene. Our precursor to a heterocycle–fused ferrocene system is 1,2–
bis(hydroxymethyl)ferrocene (4) (Scheme 2.1). Compound 4 was synthesized following 
literature procedures.103-105 
Other researchers in Selegue lab sought an alternative synthesis of 4 (Scheme 2.2) to avoid 
the low–yielding lithiation step, but efforts toward conversion of ketone 6 to ferrocene–
1,2–dicarboxylic acid (7) have so far failed. Following Boev’s106 protocol on 
monosubstituted ferrocene, 4 was converted to tetrafluoroborate salt 8. Compound 8 was 
transformed to bis(mercaptomethyl) 9 via aqueous base hydrolysis. Similar to Gilchrist and 
coworker’s107 oxidation of dithiol to disulfide using MnO2, 9 was oxidized to 10. 
Compound 11 was synthesized from 10 in modest yield based on Harpp’s 108 
desulfurization of disulfide on analogous organic moiety using 
tris(diethylamino)phosphine. 11 was converted to ferroceno[c]–2,5–dihydrothiophene–S–
oxide (12) in order to get to the target aromatic monomer (17) via dehydration of 12. Our 
route to 17 follows Cava’s classic synthesis of benzo[c]thiophene.109 
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Scheme 2.1. Synthesis of 1,2–bis(hydroxymethyl)ferrocene (4) 
	
Scheme 2.2. Attempt to find an alternative route to1,2–bis(hydroxymethyl)ferrocene. 
	
Scheme 2.3. Synthetic routes to ferroceno[c]–2,5–dihydrothiophene–S–oxide (12). 
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Scheme 2.4. Attempts to dehydrate 12. 
	
Scheme 2.5. Attempted reduction of 12. 
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Scheme 2.6. Synthesis of 1,3–dihydro–1,3–bis(benzylidene)–ferroceno[c]thiophene 2–
oxide (16). 
	
Scheme 2.7. Alternative route to 11. 
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Scheme 2.8. Attempts to improve ferroceno[c]dithiobutyrolactone reduction yield. 
	
Scheme 2.9. Attempted oxidation of ferroceno[d]1,2–dithiane. 
	
Scheme 2.10. Attempted conversion of 10 to 21. 
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2.2. Experimental 
General:  
All reactions were performed with standard Schlenk techniques under nitrogen unless 
mentioned otherwise. Solvents were dried and distilled under N2 before use, including ethyl 
ether (Et2O) and hexane over sodium benzophenone ketyl, and dichloromethane (DCM) 
and acetonitrile over calcium hydride. CDCl3, DMSO–d6 and acetone–d6 (Cambridge 
Isotopes), sodium, (J.T. Baker), n–butyllithium (2.5 M), N, N–dimethylformamide, 
activated manganese dioxide (Acros), sodium hydroxide (Fisher), potassium hydroxide 
and sodium borohydride (EMD) and tetrafluoroboric acid (J.T. Baker) were used without 
further purification. N,N,N’,N’–Tetramethylmethylenediamine was synthesized following 
the procedure of Hauser et al.110 Organic phases were dried using anhydrous magnesium 
sulfate (Mallinckrodt). Flash chromatography was performed using 60–Å pore size, 230–
400 mesh silica gel (Sorbent Technologies). 1H and 13C NMR spectra were recorded on a 
Varian Gemini–400 spectrometer at ca. 22 °C unless mentioned otherwise, and were 
referenced to residual solvent peaks. Infrared spectra were recorded on an ATR Nicolet 
iS10 FT–IR spectrometer. Melting points were taken on Thomas–Hoover capillary melting 
point or DigiMelt 160 apparatus and were uncorrected. X–ray diffraction data were 
collected at 90 K on either a Nonius KappaCCD diffractometer or a Bruker–Nonius X8 
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Proteum diffractometer. Crystal indexing and data processing were performed with either 
DENZO–SMN (KappaCCD) or Bruker APEX2 (X8 Proteum). The structures were solved 
and refined by using SHELXL–97111 
Synthesis of 1,2–bis(thiouroniummethyl)ferrocene tetrafluoroborate (8). Compound 4 
(450 mg, 1.83 mmol) and thiourea (280. mg, 3.68 mmol) were dissolved in 25.0 mL of dry 
dichloromethane. This was stirred for 15 min and 0.500 mL (3.90 mmol) of HBF4 (48–
50% aq.) added dropwise. This was stirred for 2 h and 30.0 mL of ether was added to it. 
The dirty yellow precipitate was filtered, washed with ethyl ether and dried in vacuo to 
obtain compound 8 (840 mg, 1.56 mmol, 85%). 1H NMR (400 MHz, (CDCl3, ppm), 8.56 
(br, 8H, NH), 4.68 (d, CH2, Ha 2J = 12.4 Hz), 4.64 (d, CH2, Hb, 2J = 12.4 Hz), 4.54 (d, 2H, 
2J = 2.4 Hz, CHCHCH), 4.36 (t, 1H, 3J = 2.4 Hz, CHCHCH), 4.32 (s, 5H, Cp) 13C NMR 
(100 MHz, CDCl3, ppm): 206.3, 172.5, 80.25, 71.38, 69.85, 31.08. IR (ATR, cm–1): 3431, 
3070, 1659, 1437, 1054, 1023; Mp: 75 °C (dec.) 
Synthesis of 1,2–bis(mercaptomethyl)ferrocene (9). In a 125 mL two–neck flask 
provided with a magnetic stirrer and a water condenser, compound 8 (700. mg, 1.30 mmol) 
was hydrolyzed under reflux conditions with 50.0 mL of 1 M KOH for 1 h. This was 
filtered to remove decomposed materials. The filtrate was acidified using dil. HCl, cooled 
to room temperature and 15.0 mL of ethyl ether added to it. Compound 9 moved into the 
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organic layer, which was separated, washed twice with 30.0 mL of DI water and dried with 
MgSO4. The organic solvent was evaporated in vacuo to recover 80% of dark yellow, 
semicrystalline 9 (289. mg, 1.04 mmol). 1H NMR (400 MHz, CDCl3, ppm) 4.20 (d, 2H, 2J 
= 2.4 Hz, CHCHCH), 4.08 (t, 1H, 3J = 2.4 Hz, CHCHCH), 4.07 (s, 5H, Cp), 3.56 (m, 4H, 
CH2SH), 1.94 (t, 2H, 3J = 6.8 Hz, 3CH2SH) 13C NMR (100 MHz, CDCl3, ppm): 70.53, 
70.07, 69.68, 68.16, 32.60. IR (ATR, cm–1): 3096, 2969, 2541, 1435, 1231, 1105, 811. Mp: 
48 °C 
Synthesis of ferroceno[d]–1,2–dithiane (10). Method 1: The salt 8 (250. mg, 0.465 
mmol) was dissolved in 7% aqueous potassium hydroxide (40.0 mL) and a layer of ethyl 
ether (25.0 mL) added over it. The mixture was refluxed for 12 h and the organic layer 
separated, dried (using MgSO4), and the solvent removed in vacuo. Column 
chromatography on SiO2 (40:60 ethyl ether:hexane) gave 10 (41.0 mg, 0.150 mmol). The 
yields through this method varied, with the best at 41%. 
Method 2: The dithiol 9 (100. mg, 0.359 mmol) was added slowly into a 125 mL two–
neck flask with a suspension of manganese(IV) oxide (600 mg, 7.00 mmol) in 30.0 mL of 
dry dichloromethane maintained at –20°C. The mixture was stirred for 14 h at this 
temperature and filtered. The filtrate was evaporated under reduced pressure giving a light 
yellow crystalline powder 10 with a yield of about 60% (61.4 mg, 0.220 mmol).  
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Method 3: This method is similar to method 2 except that the reaction was run at room 
temperature and the mole ratio of MnO2 was reduced to about eight. The yield was about 
the same as method 2.  
Method 4: Compound 9 (100. mg, 0.359 mmol) was dissolved in 50 mL of 1 M acetic acid 
in methanol in a 125 mL two–neck round–bottom flask provided with a magnetic stirrer 
and 1.5 g FeCl3 added to it. The setup was maintained at 50 °C under N2 and stirred for 14 
h. The solution was filtered and the solvent evaporated in vacuo. The product, 10 (55% 
yield) was obtained through column chromatography with hexane on SiO2. 1H NMR (400 
MHz, CDCl3, ppm) 4.13 (d, 2H, 2J = 2.4 Hz, CHCHCH), 4.12 (s, 5H, Cp), 3.98 (t, 1H, 3J 
= 2.4 Hz, CHCHCH), 3.89 (d, CH2, Ha 2J = 14.8 Hz), 3.59 (d, CH2, Hb 2J = 14.8 Hz) 13C 
NMR (100 MHz, CDCl3, ppm): 110.2, 81.207, 70.526, 67.421, 64.039, 32.590. IR (ATR, 
cm–1) 3093, 2922, 1396,1103, 903, 650; Mp. 98 °C 
Synthesis of ferroceno[c]–2,5–dihydrothiophene (11) Method 1: In a 50 mL Schlenk 
flask provided with a magnetic stirrer and a N2 inlet, 95.0 mg (0.340 mmol) of 10 was 
added to 30 mL of dry hexane. After stirring for 15 min at room temperature, 
tris(diethylamino)phosphine (0.120 mL, 0.440 mmol) was added dropwise and the mixture 
was stirred at reflux temperature for 36 h. The solvent was evaporated in vacuo and the 
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product purified by SiO2 chromatography using 10:1 hexane:ethyl ether to yield a light 
yellow crystalline product 11 (32.0 mg, 40% yield).  
Method 2: Compound 19 (50.1 mg, 0.200 mmol) was dissolved in 50.0 mL of freshly 
distilled hexane in a 125 mL Schlenk flask. Diisobutylaluminum hydride (0.075 mL, 60.0 
mg, 0.420 mmol) was added to it dropwise via syringe. The solution was stirred for 2 h and 
poured into 100 mL of 1 M NaOH. The aqueous layer was extracted with ethyl ether (3 x 
50 mL), organic layers combined and dried with MgSO4. Evaporation of the solvent under 
reduced pressure gave a gummy solid, which was purified by column chromatography to 
give 11 (7.33 mg, 0.03 mmol, 15%). 1H NMR (400 MHz, CDCl3, ppm) 4.13 (s, 5H, Cp), 
4.08 (d, 2H, 3J = 2.4 Hz, CHCHCH), 3.98 (t, 1H, 3J = 2.4 Hz, CHCHCH), 3.70 (d, CH2, Ha 
2J = 14.8 Hz), 3.59 (d, CH2, Hb 2J = 14.8 Hz); 13C NMR (100 MHz, CDCl3, ppm): 93.83, 
70.89, 70.57, 62.26, 31.44. IR (ATR, cm–1) 3086, 1435, 802.0 Mp: 85.0°C 
Synthesis of ferroceno[c]–2,5–dihydrothiophene–S–oxide (12). Compound 11 (50.0 
mg, 0.200 mmol) in methanol (25.0 mL) was mixed with a solution of sodium periodate 
(45.0 mg, 0.0210 mmol) in deionized water (25.0 mL). The mixture was allowed to stir at 
room temperature for 24 h. The color of the solution turned from light greenish yellow to 
dirty yellow. This was evaporated in vacuo and purified by chromatography on SiO2. 
Hexane eluted starting material, followed by elution of 12 with 1:1 ethyl ether:DCM or 
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ethyl acetate. Yield 47.0 mg (88%). 1H NMR (400 MHz, CDCl3, ppm) 4.409 (d, CH2, Ha 
2J = 13.2 Hz), 4.195 (t, 1H, 3J = 2.4 Hz, CHCHCH), 4.165 (d, 2H, 2J = 2.4 Hz, CHCHCH), 
4.100 (s, 5H, Cp), 3.418 (d, CH2, Hb 2J = 13.2 Hz); 13C NMR (100 MHz, CDCl3, ppm): 
80.35, 70.52, 70.16, 63.26, 53.91. IR (ATR, cm–1) 3092.37, 1102.24, 1046.32. Mp: 109 °C 
Attempted synthesis of ferroceno[c]thiophene (21). Method 1: A well–ground mixture 
of 25 mg (0.100 mmol) of ferroceno[c]–2,5–dihydrothiophene–S–oxide (12) and 100 mg 
of neutral alumina (Woelm) was heated under static vacuum at 120–130 °C in a small 
sublimer. We recovered the starting material as a thin film on the condensation finger. The 
temperature was raised to 180 °C, producing a fine, brownish–black product and some 
starting material. 
Method 2: Compound 12 was dissolved in freshly distilled benzene and suspension of 100 
mg of neutral alumina (Woelm). The solution was heated to reflux temperature under N2 
atmosphere. Brown–black precipitate began appearing after 24 h, which was insoluble in 
hexanes, ethyl ether, DCM or ethyl acetate. The reaction was stopped and any starting 
material salvaged. 
Method 3: Compound 12 (30.0 mg, 0.120 mmol) in 30.0 mL acetic anhydride was stirred 
under reflux for 12 h. TLC analysis every 4 to 6 h leading up to a 24 h period indicated 
only starting material; hence, the reaction was stopped and compound 12 recovered. 
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Method 4: A 125 mL Schlenk flask was charged with 30.0 mg (0.120 mmol) of compound 
12 dissolved in 25.0 mL freshly distilled dichloromethane placed in an ice bath. 
Trifluoroacetic anhydride (TFAA, 0.0500 mL, 0.350 mmol) and DMAD (0.0205 mL, 
0.200 mmol) were added to the solution. The mixture was allowed to stir at 0 °C for 1 h 
under N2. Black precipitate was observed and TLC analysis indicated presence of 
compound 11. The solution was filtered and dried under vacuum. Chromatography on SiO2 
yielded 6.00 mg (0.0250 mmol, 20.5%) compound 11.  
Attempted reduction of ferroceno[c]–2,5–dihydrothiophene–S–oxide (12). Method 1: 
A 50 mL Schlenk flask was charged with 20.0 mg (0.0800 mmol) of compound 12 
dissolved in 10.0 mL freshly distilled acetonitrile. Methyl iodide (0.025 mL, 0.400 mmol) 
was added dropwise. The mixture was allowed to stir at room temperature while 
monitoring with TLC periodically. After 6 h, the temperature was raised to 40 °C and the 
solution was stirred for another 6 h. No product was observed, so the temperature was 
elevated to reflux. Only starting material was observed on TLC after 24 h. The reaction 
was stopped and starting material recovered.  
Method 2: To a solution of sulfoxide 12 (20.0 mg, 0.0800 mmol) in CH2Cl2 (10.0 mL) was 
added Et3OBF4 (0.105 mmol) and the mixture was stirred at room temperature for 2 h. TLC 
indicated no soluble products, but a black precipitate formed. After 2 more hours, the 
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starting material was consumed and additional black solid precipitated. The precipitate was 
filtered, washed with ethyl ether and dried in vacuo. NMR analysis indicated detachment 
of metal and an intractable mixture. Similar results were observed with HBF4. 
Synthesis of 1,3–dihydro–1,3–bis(benzylidene)ferroceno[c]thiophene 2–oxide (16). 
Potassium metal (0.0250 g, 0.640 mmol) was added to 15.0 mL of freshly distilled t–butyl 
alcohol in a 50.0 mL sidearm flask fitted with a septum cap and a magnetic stirrer. It was 
allowed to dissolve for 1 h. A solution of 12 (10.0 mg, 0.0400 mmol) and benzaldehyde 
(0.0250 mL, 0.200 mmol) in 5.0 mL of t–butyl alcohol was added dropwise to the base 
solution. The mixture was allowed to stir at 65 °C overnight. The solution was cooled and 
10.0 mL water added to it, followed by extraction with CH2Cl2. Column chromatography 
with 4:6 hexane:CH2Cl2 eluted organic products, and 7:3 CH2Cl2:Et2O gave the desired 
product as an orange–red band. The solvent was dried in vacuo to obtain 6.20 mg (0.0144 
mmol, 36%) of compound 16. 1H NMR (400 MHz, CDCl3, ppm) 7.798 (d, 4H, H3’ and 
H7’, 2J = 7.6 Hz), 7.413 (t, 2H, H5’, 2J = 8 Hz,), 7.333 (t, 4H, H4’ and H6’ 2J = 7.6 Hz,), 
7.161 (s, 2H, H1’), 4.823 (d, 2H, H4 and H6, 2J = 2.8 Hz), 4.646 (t, 1H, H5, 2J = 2.4 Hz), 
4.059 (s, 5H, Cp) 
Synthesis of ferroceno[c]dithiobutyrolactone (19). 1,2–Diformylferrocene, 18 (100. mg, 
0.413 mmol) and Lawesson’s reagent (184 mg, 0.454 mmol) were dissolved in 50.0 mL of 
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dry benzene in a 100 mL round-bottom flask. The mixture was refluxed for 2 h under N2, 
cooled, and filtered through a Celite pad. The eluent was removed under reduced pressure 
to give a dark blue semisolid. This was purified via chromatography on SiO2 with 15% 
DCM in hexane to get 51.0 mg (0.186 mmol, 45%) of semicrystalline 19. 1H NMR (400 
MHz, CDCl3, ppm) 4.830 (d, 2H, 3J = 2.8 Hz, CHCHCH), 4.586 (t, 1H, 3J = 2.8 Hz, 
CHCHCH), 4.140 (s, 5H, Cp), 4.219 (d, CH2, Ha 2J = 15.2 Hz), 4.169 (d, CH2, Hb 2J = 14.8 
Hz); 13C NMR (100 MHz, CDCl3, ppm): 213.3, 207.2, 98.05, 95.36, 73.19, 68.31, 63.61, 
37.60, 31.15. IR (ATR, cm–1) 3014, 2968, 2834, 1594, 1305, 1264, 1145, 1120, 920.5, 
823.2,748.0,608.5 Mp: 119 °C (dec.)  
Attempted reduction of 19 to 11. Method 1: A mixture of 50.0 mg (0.182 mmol) of 19 
and boron trifluoride ethyl etherate (28.4 mg, 0.0250 mL, 0.200 mmol) in 20.0 mL of 
anhydrous ethyl ether was stirred in a two-neck flask for 15 min at 0 °C. This solution was 
transferred dropwise via cannula to a 125 mL Schlenk flask containing as suspension of 
8.30 mg (0.218 mmol) of LAH in 25.0 mL of anhydrous ethyl ether at 0 °C. The solution 
was stirred for 1 h at 0 °C followed by 2 h at 40 °C, during which the solution turned pale 
yellow. The solution was brought to room temperature and 5.0 mL of 2 M HCl was added. 
The organic layer was washed with DI water and dried with MgSO4. The solvent was 
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evaporated under reduced pressure and purification via chromatography on SiO2 gave a 
mixture of compounds 10 and 11 as yellow semisolid.  
Method 2: Compound 19 (30.0 mg, 0.109 mmol) was dissolved in 30.0 mL of dry THF at 
0 °C. BH3 solution in THF (1.0 M, 0.500 mL, 0.500 mmol) was added dropwise and stirred 
for 1 h at 0 °C, raised to room temperature for 2 h and finally raised to 50 °C for 1.5 h. The 
magenta solution changed to pale yellow under reflux. The solvent was evaporated under 
reduced pressure and the crude mixture purified via chromatography with 2:1 ethyl 
acetate:hexane to get compound 9 (12.1 mg, 0.0436 mmol, 40%). 
Method 3: Raney Nickel was cleaned using anhydrous ethanol several times under N2 and 
suspended in THF. Compound 19 (25.0 mg, 0.0910 mmol) was dissolved in 25.0 mL of 
dry THF and transferred to a flask containing 9.75 mg (0.114 mmol) of Raney nickel in 
10.0 mL THF. The solution turned colorless in 1 h at room temperature. It was filtered 
through Celite and solvent dried in vacuo to give 18.0 mg of viscous light yellow liquid. 
1H NMR indicated a mixture of intractable products with no starting material remaining. 
Method 4: In a 100 mL Schlenk flask with 50.0 mL of dry CHCl3, compound 19 (50.0 mg, 
0.182 mmol), InBr3 (6.50 mg, 0.0183 mmol) and triethylsilane (0.120 mL, 84.7 mg, 0.728 
mmol) were added successively. The magenta solution turned navy blue upon addition of 
reagents. Temperature was raised to 60 °C and stirred with periodic monitoring with TLC. 
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Only starting material was observed after 12 h. The reaction was stopped and starting 
material recovered via column chromatography. 
2.3. Results and Discussion 
2.3.1. Synthesis: 
Our interest in this project lies in exploring the fundamental chemistry of transition metals 
π–complexed to cyclopentadienyl–fused heterocyclic ligands. Introduction of a heteroatom 
in the π–electronic system provides an anisotropic distribution of the electron density 
within the ligand. This can potentially alter the reactivity of the complex as a whole, giving 
rise to new properties associated with metal coordination sphere.112  
Our route to η5–cyclopenta[c] heterocycles began with substituting the oxygen on 4 with 
sulfur via the formation of 8, following similar reactions by Boev et al.106 The product was 
obtained in 85–90% yield. Refluxing the salt 8 in aqueous KOH for 2 h followed by acidic 
workup gave the dithiol 9 in 75% yield. Dithiane 10 was obtained in about 40% yield by 
overnight stirring of a solution of 9 in anhydrous CH2Cl2 with activated MnO2.107 Yields 
in this step vary with the source of MnO2. Modifying Schöberl and Gräfje’s work,113 
oxidation of 9 under much harsher condition using FeCl3 and acetic acid in methanol gave 
comparable yields to MnO2 oxidation. MnO2 oxidation, however, involved simpler workup 
than FeCl3. Following work by Sato et al. 114 on 1,4–dihydro–2,3–benzodithiin, oxidation 
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of 10 using 1 equivalent m–CPBA (Scheme 2.9) mostly yielded intractable mixtures and a 
trace of 11. Based on the work by Cignarella et al.115 on 1,4–dicarbomethoxy–2,3–
benzodithiane, we attempted to extrude H2S from 10 in refluxing methanol, but there was 
no reaction even after 18 h. We also tried using methanolic CH3ONa at about 50 °C for 12 
h, but only the starting material and decomposition products were recovered (Scheme 
2.10). 
Desulfurization of 10 following work by Harpp et al.108 on 1,2–dithiacyclohexane using 
10% excess tris(diethylamino)phosphine in refluxing hexane gave ring contraction product 
11 in acceptable yield (Scheme 2.3) A synthetic route to benzo[c]thiophene and aromatic 
analogues by Cava et al.109 led us to try the oxidation of our sandwich system into its 
sulfoxide. Dehydration of sulfoxide 12 would give the target molecule 21.  
Compound 11 in approximately 50% aq. methanol solution and 1.5 molar equivalent of 
periodate with vigorous stirring gave 45% of 12. Finally, following the method of Cava et 
al.109 we tried to dehydrate 12 with neutral alumina in a sublimer under static vacuum. 
Raising the temperature up to about 180 °C resulted in sublimation of the starting material. 
As a variation to Pummerer reaction,109,116 we attempted to dehydrate 12 in refluxing acetic 
anhydride, resulting in no reaction, and in TFAA, resulting in decomposition of about 50% 
of the starting material along with the formation of some 11. Strategies to make the 
40	
alkoxysulfonium ions (Scheme 2.5) in order to generate a good leaving group and facilitate 
the dehydration leading to the intended target resulted largely into decomposition during 
reduction.  
Decomposition during attempted dehydration or alkylation of 12 indicates that the target 
molecule 17 is unstable. Indenyl iron complexes117 and fluorenyl and indenyl ruthenium118 
complexes react with benzyne to give the corresponding cycloadducts. We supposed that 
target 17 also exhibited reactive diene or diradical character (Figure 2.1). Trapping it with 
a dienophile under Diels-Alder conditions to get the cycloadduct was attempted. Use of 
TFAA in presence of DMAD resulted in mostly decomposition of the starting material and 
no adducts. It is likely that once the aromatic complex 21 forms, the metal cleaves off due 
to decreased hapticity from η5 à η3 (Figure 2.1). Also, extrusion of sulfur from 21 or 
sulfur monoxide from 12 could result in complex (Figure 2.2) analogous to o-xylylene and 
rapidly undergo decomposition. Work on reduction of ferrocene-fused-5,7-disubstituted 
thiepin systems by a coworker119 also resulted in decomposition products, indicating 
possible sulfur extrusion.  
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Figure 2.1. Canonical forms of 5,5–fused heterocyclic metal arene complex. 
	
Figure 2.2. Possible byproduct as a result of SO and S extrusion from 12 and 21. 
Studies on PITN, polypyrrole, poly (p–phenylene) and polythiophene have shown that 
increasing quinoid character corresponds to decreasing bandgap of the polymer.50,120-122 
Based on similar conditions used by Brédas et al.121 we attempted to synthesize the 2,5-
disubstituted quinoid derivative of molecule 21. Solution of compound 12 dissolved in 
freshly distilled t-BuOH was reacted with benzaldehyde in presence of in situ generated t-
M
X
M
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X = S, O, -NRM =  transition metal
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BuOK. TLC indicated a number of products with similar Rf values, which could not be 
resolved chromatographically. Possible products could include addition and condensation 
on one or both sides and their stereoisomers as shown Figure 2.3. 1H NMR data confirmed 
presence of multiple products, possibly including a minor yield of 1,3–dihydro–1,3–
bis(benzylidene)ferroceno[c]thiophene–S–oxide (16). 
	
Figure 2.3. Possible addition/condensation products of 12 with benzaldehyde. 
Optimization of reaction conditions for 16 is required. Scheme 2.11 outlines possible 
future work in developing the quinoid derivative of the target compound from 12. 
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Scheme 2.11. Knoevenagel condensation on ferrocene 1,3–dihydrothiophene 2–oxide 
using potential aldehydes and future route of study on such complexes. 
2.3.2. Spectroscopy: 
New compounds were characterized by spectroscopic methods, including 1H and 13C NMR 
and IR. The IR spectrum of compound 8 has characteristic absorbances at 1437 cm–1, 
tentatively assigned to the C=N stretch, and 1023 cm–1 to the C=S stretch for thiocarbonyl 
linked to nitrogen. A weak but distinct band at 2540 cm–1 belonging to the S–H group in 
compound 9 is slightly lower that the typical absorbance for mercaptans. The cyclic 
derivatives 10 and 11 have C–S bands at 649 cm–1 and 661 cm–1. Compound 12 has a strong 
S=O absorbance at 1023 cm–1. Compounds 8–12 and 19 exhibit typical aromatic C–H 
stretching vibrations at 3000 cm–1 and above (variable), and C=C ring bands at about 1600 
cm–1 (medium to weak). Strong to medium aromatic C–H bending vibrations are also 
present for all compounds mentioned above around 600– 900 cm–1. 1H NMR resonances 
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of the unsubstituted cyclopentadienyl ring for 1–4, 8–16 and 19 lie in the range of 4.01 to 
4.30 ppm as a characteristic singlet. The proton resonances of the substituted 
cyclopentadienyl ligand of 4, 8–12 and 19 display characteristic doublet and triplet with an 
integration of 2:1. A typical feature of the 1,2–substituted cyclopentadienyl ligands of the 
previously unreported molecules (8, 11 and 19) is the appearance of AB quartet ranging 
between 3.40 and 4.65 ppm from methylene protons of the substituents. Compound 9 
displays an ABX pattern due to coupling of methylene protons with the thiol proton. 
Compounds 10 and 12 have typical AX spectra for their methylene protons. 1H NMR 
resonances of the methylene protons of compounds 8–12, 19 are listed in Table 2.1. 
Table 2.1. Selected 1H NMR spectroscopic data (ppm) for complexes 8 – 12, 19. 
Complex C5H5 δH CHCHCH δH CHCHCH δH CH2 δH CH2 δH Solvent* 
8 4.32 4.54 4.36 4.68 4.64 a 
9 4.07 4.20 4.08 3.56 3.56 b 
10 4.12 4.13 3.98 3.89 3.59 b 
11 4.13 4.08 3.98 3.70 3.59 b 
12 4.10 4.16 4.19 4.41 3.42 b 
19 4.14 4.83 4.59 4.22 4.17 b 
* a. DMSO–d6; b. CDCl3     
2.3.3. Structure: 
The structures of complexes [Fe{η5–C5H3(CH2SCN2H4)–1,2}(Cp)] (8), [Fe{η5–
C5H3(CH2SH)–1,2}(Cp)] (9), [Fe{η5–C5H3(CH2S)2}(Cp)] (10), [Fe{η5–
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C5H3(CH2)2S}(Cp)] (11) and [Fe{η5–C5H3(CH2)SO}(Cp)] (12) were determined by single 
X–ray crystallography. Single crystals of 10, 11 and 12 were grown by slow evaporation 
of hexane under nitrogen; a single crystal of 8 was grown from its saturated solution in 
acetonitrile and ethyl ether at room temperature and crystals of 9 were grown by slow 
evaporation of hexane and ethyl ether at room temperature. Molecular structures of 8, 9, 
10, 11 and 12 with numbering are shown in Figure 2.6–Figure 2.10. The crystal structure 
and refinement data for these complexes are in Table 2.2–Table	2.8.  
Average bond distance from the centroids of Cp and substituted–Cp to iron are: 8 [1.659(3) 
Å; 1.645(3) Å], 9 [1.655(3) Å; 1.645(3) Å], 10 [1.656(7) Å; 1.649(7) Å], 11 [1.651(3) Å; 
1.649(3) Å], and 12 [1.649(3) Å; 1.638(2) Å]. Substituted Cp ligands are closer to iron than 
unsubstituted Cp by ca. 0.01 Å. This can be attributed to the electron-rich nature of 
substituted Cp versus the unsubstituted Cp. Distance between cation centroid (S1, C7, N1, 
N2) and closest anion in compound 8 is 4.268 Å with 3.291 Å being the shortest distance 
between N atom and the closest anion. The two cationic planes (S1, C7, N1, N2) and (S2, 
C9, N3, N4) are at angles of 89.33° and 81.47° with respect to the Cp plane (C1–C5) 
(Figure 2.6). Both cationic groups are in a cisoid arrangement facing away from the metal 
center. Interplanar distance of 3.929 Å between the substituted and unsubstituted Cp 
suggests no π–π interaction. Intra- and intermolecular S–H distances (2.928 Å and 3.421 
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Å, respectively) of compound 9 indicate no hydrogen bonding interaction between the thiol 
groups. The primary intermolecular interaction in compound 10 is between S1–S2 of 
symmetry–related molecules with a separation of 3.358 Å (Figure 2.4). The C—S—S—C 
torsional angle is  −66.01°. S—S bond distance of 2.046(2) Å is similar to other disulfide 
compounds.  
	
Figure 2.4. Packing of 10 along the b–axis. 
Solid-state packing of 11 displays weak π–π interaction between substituted Cp planes with 
a separation of 3.734 Å. Sulfur atoms are endo with respect to the Fe center. The interplanar 
angle of [C1—S1—C7] to Cp is 19.71°. Compound 12 is arranged in solid state by 
intermolecular S–––O interaction at 3.715 Å. Unsubstituted Cp hydrogen and the 
substituted Cp plane have the closest intermolecular interaction in 12, with C—H π 
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separation of 3.297 Å. The interplanar angle of [C1—S1—C7] to Cp is 32.74°, 
significantly more than 11. The O atom is exo to the Fe center. The S—O bond distance of 
1.5009(15) is within expected values. 
	
Figure 2.5. Packing of 12 along the c–axis. 
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Figure 2.6. Molecular structure of [Fe{η5–C5H3(CH2SCN2H4)–1,2}(Cp)] (8). 
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Figure 2.7. Molecular structure of [Fe{η5–C5H3(CH2SH)–1,2}(Cp)] (9). 
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Figure 2.8. Molecular structure of [Fe{η5–C5H3(CH2S)2}(Cp)] (10). 
	
Figure 2.9. Molecular structure of [Fe{η5–C5H3(CH2)2S}(Cp)] (11). 
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Figure 2.10. Molecular structure of [Fe{η5–C5H3(CH2)SO}(Cp)] (12). 
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Table 2.2. Crystal Data and Structure Refinement for compounds 8 – 10. 
Compound 8 9 10 
Formula C14H22B2F8FeN4OS
2 
C12H14FeS2 C12H12FeS2 
Formula wt. (amu) 555.95 278.2 276.19 
T, K 90.0(2) 90.0(2) 90.0(2) 
Crystal System Monoclinic Orthorhombic Orthorhombic 
Space Group P21/n P212121 Pbca 
Z 4 4 8 
a, Å 7.0817(1) 9.7960(2) 10.6203(4) 
b, Å 10.2246(2) 10.0711(2) 7.8144(3) 
c, Å 29.6741(5) 11.9906(3) 26.2852(9) 
α, (deg) 90 90 90 
β, (deg) 96.3190(7) 90 90 
γ, (deg) 90 90 90 
V, Ǻ^3 2135.57(6) 1182.95(4)  2181.44(14) 
dcalc, Mg/m3 1.729 1.562 1.682 
F(000) 1128 576 1136 
Crystal size (mm3) 0.18 × 0.14 × 0.08 0.18 × 0.12 × 0.10 0.25 × 0.10 × 0.02 
Radiation Mo Kα (λ = 0.71073 
Å)  
Mo Kα (λ = 0.71073 
Å)  
Cu Kα (λ = 
1.54178)  
Monochromator Graphite  Graphite  Graded multilayer 
optics  
Absorption 
coefficient (mm–1) 
0.986 1.589 14.312 
Diffractometer Nonius KappaCCD Nonius KappaCCD Bruker X8 Proteum 
Range (deg) 2.11 to 27.48 2.64 to 27.49 3.36 to 68.37 
Limiting indices –9 ≤ h ≤ 9 –12 ≤ h ≤ 12 –12 ≤ h ≤ 12 
  –13 ≤ k ≤ 13 –13 ≤ k ≤ 13 –9 ≤ k ≤ 9 
  –38 ≤ l ≤ 38 –15 ≤ l ≤ 15 –31 ≤ l ≤ 31 
Reflections 
collected 
29640 26501 24965 
Independent 
reflections 
4893 2712 1990 
Absorption 
correction 
Semi–empirical 
from equivalents 
Semi–empirical 
from equivalents 
Semi–empirical 
from equivalents 
Refinement 
method 
SHELXL–97 SHELXL–97 SHELXL–97 
Refinement 
method 
Full–matrix least–
squares on F2 
Full–matrix least–
squares on F2 
Full–matrix least–
squares on F2 
Data/restraints/para
meter 
4893 / 3 / 296 2712 / 0 / 144 1990 / 0 / 136 
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Goodness–of–fit 
on F2 
1.043 1.197 1.167 
Final R indices 
[l>2σ (l)] 
R1 = 0.0482, wR2 = 
0.1159 
R1 = 0.0383, wR2 = 
0.0954 
R1 = 0.0662, wR2 = 
0.1467 
R indices (all data) R1 = 0.0810, wR2 = 
0.1339 
R1 = 0.0448, wR2 = 
0.0994 
R1 = 0.0747, wR2 = 
0.1506 
Largest diff. peak 
and hole 
1.356 and –0.400 
e·Å–3 
1.208 and –0.586 
e·Å–3 
0.734 and –0.703 
e·Å–3 
 
Table 2.3. Crystal Data and Structure Refinement for compounds 11 and 12. 
Compound 11 12 
Formula C12 H12 Fe S C12 H12 Fe O S 
Formula wt. (amu) 244.13 260.13 
T, K 90.0(2) 90.0(2) 
Crystal System Monoclinic Monoclinic 
Space Group P21/c P21/c 
Z 4 4 
a, Å 7.5002(2) 14.1730(2) 
b, Å 8.8266(2) 7.4370(2) 
c, Å 14.9187(3) 10.6650(3) 
α, (deg) 90 90 
β, (deg) 96.5102(11) 111.002(1) 
γ, (deg) 90 90 
V, Ǻ^3 981.27(4) 1049.46(4) 
dcalc, Mg/m3 1.652 1.646 
F (000) 504 536 
Crystal size (mm3) 0.25 × 0.22 × 0.10 0.14 × 0.10 × 0.08 
Radiation Mo Kα (λ = 0.71073 Å)  Mo Kα (λ = 0.71073 Å)  
Monochromator Graphite  Graphite  
Absorption coefficient 
(mm–1) 
1.699 1.601 
Diffractometer Nonius KappaCCD Nonius KappaCCD 
Range (deg) 2.69 to 27.47 1.54 to 27.46 
Limiting indices – 9 ≤ h ≤ 9 –18 ≤ h ≤ 18 
  –11 ≤ k ≤ 11 –9 ≤ k ≤ 9 
  –19 ≤ l ≤ 19 –13 ≤ l ≤ 13 
Reflections collected 15799 14789 
Independent reflections 2239 2395 
Absorption correction 
Semi–empirical from 
equivalents 
Semi–empirical from 
equivalents 
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Refinement method SHELXL–97 SHELXL–97 
Refinement method 
Full–matrix least–squares 
on F2 
Full–matrix least–squares 
on F2 
Data/restraints/parameter 2239 / 0 / 127 2395 / 0 / 136 
Goodness–of–fit on F2 1.126 1.069 
Final R indices [l>2σ (l)] R1 = 0.0288, wR2 = 0.0660 R1 = 0.0303, wR2 = 0.0723 
R indices (all data) R1 = 0.0342, wR2 = 0.0685 R1 = 0.0402, wR2 = 0.0775 
Largest diff. peak and hole 0.727 and–0.367 e·Å–3 0.901 and–0.409 e·Å–3 
 
Table 2.4. Bond Distances (Å) and Bond Angles (°) for compound 8. 
Atoms Distances (A)  Atoms Angles (°) 
Fe1–C4  2.034(2)  C4–Fe1–C3  41.17(8) 
Fe1–C3  2.036(2)  C4–Fe1–C2  68.67(8) 
Fe1–C2  2.0395(19)  C3–Fe1–C2  40.83(8) 
Fe1–C1  2.040(2)  C4–Fe1–C1  156.82(9) 
Fe1–C5  2.041(2)  C3–Fe1–C1  120.43(9) 
Fe1–C2  2.042(2)  C2–Fe1–C1  106.59(8) 
Fe1–C5  2.0438(19)  C4–Fe1–C5  161.13(9) 
Fe1–C6  2.0434(19)  C3–Fe1–C5  156.35(9) 
Fe1–C4  2.046(2)  C2–Fe1–C5  121.13(8) 
Fe1–C3  2.051(2)  C1–Fe1–C5  40.82(9) 
S1–O1  1.5009(15)  C4–Fe1–C2  121.65(9) 
S1–C7  1.839(2)  C3–Fe1–C2  106.62(9) 
S1–C1  1.844(2)  C2–Fe1–C2  123.30(9) 
C1–C2  1.491(3)  C1–Fe1–C2  40.67(9) 
C2–C3  1.422(3)  C5–Fe1–C2  68.50(9) 
C2–C6  1.427(3)  C4–Fe1–C5  41.27(8) 
C3–C4  1.431(3)  C3–Fe1–C5  69.69(8) 
C4–C5  1.437(3)  C2–Fe1–C5  69.08(8) 
C5–C6  1.426(3)  C1–Fe1–C5  160.25(9) 
C6–C7  1.495(3)  C5–Fe1–C5  123.69(8) 
C1–C2  1.418(3)  C2–Fe1–C5  157.70(9) 
C1–C5  1.423(3)  C4–Fe1–C6  68.69(8) 
C2–C3  1.418(3)  C3–Fe1–C6  69.04(8) 
C3–C4  1.414(3)  C2–Fe1–C6  40.90(8) 
C4–C5  1.426(3)  Atoms Angles (°) 
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Atoms Angles (°)  C1–Fe1–C6  123.49(9) 
C5–Fe1–C6  107.24(8)  C2–C3–Fe1 69.73(11) 
C2–Fe1–C6  160.08(9)  C4–C3–Fe1 69.34(11) 
C5–Fe1–C6  40.84(8)  C3–C4–C5  108.74(18) 
C4–Fe1–C4  124.48(8)  C3–C4–Fe1 69.49(11) 
C3–Fe1–C4  160.81(9)  C5–C4–Fe1 69.74(11) 
C2–Fe1–C4  157.45(9)  C6–C5–C4  106.92(17) 
C1–Fe1–C4  68.56(8)  C6–C5–Fe1 69.56(11) 
C5–Fe1–C4  40.86(8)  C4–C5–Fe1 68.99(11) 
C2–Fe1–C4  68.26(9)  C5–C6–C2  108.52(17) 
C5–Fe1–C4  107.63(8)  C5–C6–C7  137.09(18) 
C6–Fe1–C4  122.10(8)  C2–C6–C7  114.38(17) 
C4–Fe1–C3  108.03(8)  C5–C6–Fe1 69.60(11) 
C3–Fe1–C3  123.88(8)  C2–C6–Fe1 69.41(11) 
C2–Fe1–C3  160.23(9)  C7–C6–Fe1 125.07(14) 
C1–Fe1–C3  68.33(8)  C6–C7–S1  103.41 (13) 
C5–Fe1–C3  68.36(8)  C2–C1–C5  107.91(18) 
C2–Fe1–C3  40.54(8)  C2–C1–Fe1 69.73(12) 
C5–Fe1–C3  122.16(8)  C5–C1–Fe1 69.61(12) 
C6–Fe1–C3  157.80(9)  C3–C2–C1  108.19(19) 
C4–Fe1–C3  40.38(9)  C3–C2–Fe1 70.09(11) 
O1–S1–C7  107.44(9)  C1–C2–Fe1 69.60(12) 
O1–S1–C1  108.67(10)  C4–C3–C2  108.13(18) 
C7–S1–C1  92.72(9)  C4–C3–Fe1 69.59(12) 
C2–C1–S1   103.42 (13)  C2–C3–Fe1 69.37(12) 
C3–C2–C6  108.51(18)  C3–C4–C5  108.05(18) 
C3–C2–C1 136.79(19)  C3–C4–Fe1 70.03(12) 
C6–C2–C1 114.66(17)  C5–C4–Fe1 69.38(11) 
C3–C2–Fe1 69.44(11)  C1–C5–C4  107.71(19) 
C6–C2–Fe1 69.69(11)  C1–C5–Fe1 69.57(12) 
C1–C2–Fe1 124.32(14)  C4–C5–Fe1 69.75(11) 
C2–C3–C4  107.31(18)      
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Table 2.5. Bond Distances (Å) and Bond Angles (°) for compound 9. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1–C8  2.034(3)  C8–Fe1–C9 40.96(15) 
Fe1–C9 2.035(3)  C8–Fe1–C2  127.86(14) 
Fe1–C2  2.037(3)  C9–Fe1–C2  107.01 (13) 
Fe1–C6  2.040(3)  C8–Fe1–C6  166.24(14) 
Fe1–C3  2.041(3)  C9–Fe1–C6  127.55(15) 
Fe1–C12  2.043(3)  C2–Fe1–C6  41.14(10) 
Fe1–C5  2.048(3)  C8–Fe1–C3  108.27(12) 
Fe1–C4  2.052(3)  C9–Fe1–C3  118.12(12) 
Fe1–C10  2.054(3)  C2–Fe1–C3  41.02(11) 
Fe1–C11  2.055(3)  C6–Fe1–C3  68.67(11) 
S1–C1 1.833(3)  C8–Fe1–C12  40.12(15) 
S1–H (1S) 1.05(3)  C9–Fe1–C12  68.17(15) 
S2–C7  1.838(3)  C2–Fe1–C12  166.07 (13) 
S2–H (2S) 1.11(4)  C6–Fe1–C12  152.05(14) 
C1–C2  1.494(4)  C3–Fe1–C12  128.50 (13) 
C2–C3  1.429(4)  C8–Fe1–C5  151.88(15) 
C2–C6  1.433(4)  C9–Fe1–C5  165.96 (13) 
C3–C4  1.424(4)  C2–Fe1–C5  69.01(11) 
C4–C5  1.417(4)  C6–Fe1–C5  40.81(12) 
C5–C6  1.426(4)  C3–Fe1–C5  68.34(11) 
C6–C7  1.491(4)  C12–Fe1–C5  118.82 (13) 
C8–C12  1.398(5)  C8–Fe1–C4  118.55 (13) 
C8–C9 1.423 (6)  C9–Fe1–C4  152.14 (13) 
C9–C10  1.416(4)  C2–Fe1–C4  68.99(11) 
C10–C11  1.421(4)  C6–Fe1–C4  68.52(12) 
C11–C12  1.396(5)  C3–Fe1–C4  40.71(11) 
Atoms Angles (°)  C2–C3–Fe1 69.34(15) 
C12–Fe1–C4  108.75 (13)  C5–C4–C3  107.9(2) 
C5–Fe1–C4  40.43(11)  C5–C4–Fe1 69.64(15) 
C8–Fe1–C10  67.96 (13)  C3–C4–Fe1 69.25(15) 
C9–Fe1–C10  40.52(12)  C4–C5–C6  108.3(3) 
C2–Fe1–C10  117.97(12)  C4–C5–Fe1 69.93(15) 
C6–Fe1–C10  108.06 (13)  C6–C5–Fe1 69.31(15) 
C3–Fe1–C10  152.05(12)  C5–C6–C2  108.1(3) 
C12–Fe1–C10  67.53 (13)  C5–C6–C7  125.0(3) 
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Atoms Angles (°)  Atoms Angles (°) 
C5–Fe1–C10  128.35(12)  C4–C3–Fe1 70.04(15) 
C4–Fe1–C10  166.08 (13)  C2–C6–C7  126.8(3) 
C8–Fe1–C11  67.56 (13)  C5–C6–Fe1 69.88(15) 
C9–Fe1–C11  68.26(12)  C2–C6–Fe1 69.31(17) 
C2–Fe1–C11  152.12(12)  C7–C6–Fe1 127.1(2) 
C6–Fe1–C11  118.63(12)  C6–C7–S2  112.0(2) 
C3–Fe1–C11  165.94(12)  C12–C8–C9 108.2(3) 
C12–Fe1–C11  39.84 (13)  C12–C8–Fe1 70.31(18) 
C5–Fe1–C11  108.57(12)  C9–C8–Fe1 69.56(18) 
C4–Fe1–C11  128.20(12)  C10–C9–C8  107.1(3) 
C10–Fe1–C11  40.47(12)  C10–C9–Fe1 70.46(18) 
C1–S1–H (1S) 94.9(19)  C8–C9–Fe1 69.48(18) 
C7–S2–H (2S) 94.6(19)  C9–C10–C11  108.0(3) 
C2–C1–S1  112.7(2)  C9–C10–Fe1 69.02(18) 
C3–C2–C6  107.1(3)  C11–C10–Fe1 69.81(17) 
C3–C2–C1 126.7(3)  C12–C11–C10  107.8(3) 
C6–C2–C1 126.1(3)  C12–C11–Fe1 69.63(18) 
C3–C2–Fe1 69.65(15)  C10–C11–Fe1 69.72(17) 
C6–C2–Fe1 69.55(17)  C11–C12–C8  108.9(3) 
C1–C2–Fe1 127.1(2)  C11–C12–Fe1 70.53(18) 
C4–C3–C2  108.6(2)  C8–C12–Fe1 69.58(19) 
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Table 2.6. Bond Distances (Å) and Bond Angles (°) for compound 10. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1–C8  2.022(7)  C8–Fe1–C12  40.8(3) 
Fe1–C12  2.033(8)  C8–Fe1–C6  119.2(3) 
Fe1–C6  2.035 (6)  C12–Fe1–C6  155.8(3) 
Fe1–C9 2.037(7)  C8–Fe1–C9 39.7(4) 
Fe1–C10  2.042(7)  C12–Fe1–C9 67.1(3) 
Fe1–C4  2.046 (6)  C6–Fe1–C9 106.3(3) 
Fe1–C5  2.047 (6)  C8–Fe1–C10  67.2(3) 
Fe1–C3  2.048 (6)  C12–Fe1–C10  66.7(3) 
Fe1–C11  2.049(7)  C6–Fe1–C10  124.1(3) 
Fe1–C2  2.055 (6)  C9–Fe1–C10  39.9(3) 
S1–C1 1.816(7)  C8–Fe1–C4  163.8(4) 
S1–S2  2.046(2)  C12–Fe1–C4  127.0(3) 
S2–C7  1.820 (6)  C6–Fe1–C4  68.7(2) 
C1–C2  1.496(8)  C9–Fe1–C4  155.6(3) 
C2–C3  1.420(8)  C10–Fe1–C4  121.9(3) 
C2–C6  1.431(8)  C8–Fe1–C5  154.2(3) 
C3–C4  1.432(9)  C12–Fe1–C5  162.8(3) 
C4–C5  1.415(9)  C6–Fe1–C5  40.9(2) 
C5–C6  1.427(8)  C9–Fe1–C5  120.2(3) 
C6–C7  1.502(8)  C10–Fe1–C5  107.9(3) 
C8–C9 1.378 (13)  C4–Fe1–C5  40.5(2) 
C8–C12  1.414(11)  C8–Fe1–C3  125.9(3) 
C9–C10  1.393(12)  C12–Fe1–C3  109.9(3) 
C10–C11  1.393(11)  C6–Fe1–C3  68.5(2) 
C11–C12  1.389(10)  C9–Fe1–C3  161.4(3) 
Atoms Angles (°)  C2–C3–Fe1 70.0(3) 
C10–Fe1–C3  157.6(3)  C4–C3–Fe1 69.4(3) 
C4–Fe1–C3  40.9(2)  C5–C4–C3  107.8(5) 
C5–Fe1–C3  68.4(2)  C5–C4–Fe1 69.8(3) 
C8–Fe1–C11  67.9(3)  C3–C4–Fe1 69.6(3) 
C12–Fe1–C11  39.8(3)  C4–C5–C6  108.2(5) 
C6–Fe1–C11  161.3(3)  C4–C5–Fe1 69.7(4) 
C9–Fe1–C11  67.2(3)  C6–C5–Fe1 69.1(3) 
C10–Fe1–C11  39.8(3)  C5–C6–C2  108.1(5) 
C4–Fe1–C11  109.5(3)  C5–C6–C7  124.4 (6) 
C5–Fe1–C11  125.7(3)  C2–C6–C7  127.4(5) 
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Atoms Angles (°)  Atoms Angles (°) 
C3–Fe1–C11  123.2(3)  C5–C6–Fe1 70.0(3) 
C8–Fe1–C2  107.1(3)  C2–C6–Fe1 70.3(3) 
C12–Fe1–C2  121.9(3)  C7–C6–Fe1 125.9(4) 
C6–Fe1–C2  41.0(2)  C6–C7–S2  112.2(4) 
C9–Fe1–C2  124.1(3)  C9–C8–C12  107.3(7) 
C10–Fe1–C2  160.8(3)  C9–C8–Fe1 70.8(4) 
C4–Fe1–C2  68.7(2)  C12–C8–Fe1 70.0(4) 
C5–Fe1–C2  68.7(2)  C8–C9–C10  108.5(7) 
C3–Fe1–C2  40.5(2)  C8–C9–Fe1 69.5(4) 
C11–Fe1–C2  157.2(3)  C10–C9–Fe1 70.2(4) 
C1–S1–S2  99.0(2)  C9–C10–C11  108.6(7) 
C7–S2–S1  98.6(2)  C9–C10–Fe1 69.9(4) 
C2–C1–S1  113.3(5)  C11–C10–Fe1 70.4(4) 
C3–C2–C6  107.4(5)  C12–C11–C10  107.3(7) 
C3–C2–C1 125.0 (6)  C12–C11–Fe1 69.5(4) 
C6–C2–C1 127.5(5)  C10–C11–Fe1 69.8(4) 
C3–C2–Fe1 69.5(3)  C11–C12–C8  108.4(7) 
C6–C2–Fe1 68.8(3)  C11–C12–Fe1 70.7(4) 
C1–C2–Fe1 127.7(4)  C8–C12–Fe1 69.2(4) 
C2–C3–C4  108.4(5)    
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Table 2.7. Bond Distances (Å) and Bond Angles (°) for compound 11. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1–C6  2.0365(19)  C6–Fe1–C8  118.41(8) 
Fe1–C8  2.0409(18)  C6–Fe1–C2  40.78(7) 
Fe1–C2  2.0414(18)  C8–Fe1–C2  105.09(7) 
Fe1–C12  2.0415(18)  C6–Fe1–C12  104.32(8) 
Fe1–C5  2.0430(19)  C8–Fe1–C12  40.87(8) 
Fe1–C4  2.0481(18)  C2–Fe1–C12  121.16(8) 
Fe1–C9 2.0498(19)  C6–Fe1–C5  41.01(7) 
Fe1–C11  2.0517(18)  C8–Fe1–C5  154.69(8) 
Fe1–C10  2.0555(19)  C2–Fe1–C5  68.77(7) 
Fe1–C3  2.0559(18)  C12–Fe1–C5  119.85(8) 
S1–C7  1.834(2)  C6–Fe1–C4  68.77(7) 
S1–C1 1.8378(19)  C8–Fe1–C4  161.42(8) 
C1–C2  1.500(3)  C2–Fe1–C4  68.39(7) 
C2–C6  1.421(3)  C12–Fe1–C4  157.46(8) 
C2–C3  1.425(3)  C5–Fe1–C4  41.04(8) 
C3–C4  1.434(3)  C6–Fe1–C9 155.06(8) 
C4–C5  1.434(3)  C8–Fe1–C9 40.76(8) 
C5–C6  1.429(3)  C2–Fe1–C9 121.01(8) 
C6–C7  1.500(3)  C12–Fe1–C9 68.64(8) 
C8–C9 1.425(3)  C5–Fe1–C9 163.21(8) 
C8–C12  1.425(3)  C4–Fe1–C9 126.47(8) 
C9–C10  1.426(3)  C6–Fe1–C11  122.67(8) 
C10–C11  1.424(3)  C8–Fe1–C11  68.51(8) 
C11–C12  1.423(3)  C2–Fe1–C11  158.44(8) 
Atoms Angles (°)  C2–C3–Fe1 69.10(10) 
C12–Fe1–C11  40.70(8)  C4–C3–Fe1 69.26(10) 
C5–Fe1–C11  107.74(8)  C5–C4–C3  108.53(17) 
C4–Fe1–C11  123.84(8)  C5–C4–Fe1 69.29(10) 
C9–Fe1–C11  68.40(8)  C3–C4–Fe1 69.84(10) 
C6–Fe1–C10  160.86(8)  C6–C5–C4  107.37(17) 
C8–Fe1–C10  68.48(8)  C6–C5–Fe1 69.25(11) 
C2–Fe1–C10  158.14(8)  C4–C5–Fe1 69.67(11) 
C12–Fe1–C10  68.48(8)  C2–C6–C5  108.09(17) 
C5–Fe1–C10  125.93(8)  C2–C6–C7  115.72(17) 
C4–Fe1–C10  110.73(8)  C5–C6–C7  136.18(18) 
C9–Fe1–C10  40.66(8)  C2–C6–Fe1 69.80(10) 
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Atoms Angles (°)  Atoms Angles (°) 
C11–Fe1–C10  40.56(8)  C5–C6–Fe1 69.74(11) 
C6–Fe1–C3  68.95(7)  C7–C6–Fe1 125.86 (13) 
C8–Fe1–C3  123.00(8)  C6–C7–S1  104.35 (13) 
C2–Fe1–C3  40.70(7)  C9–C8–C12  108.07(17) 
C12–Fe1–C3  158.51(8)  C9–C8–Fe1 69.96(10) 
C5–Fe1–C3  69.22(8)  C12–C8–Fe1 69.59(10) 
C4–Fe1–C3  40.90(8)  C8–C9–C10  107.91(17) 
C9–Fe1–C3  108.43(8)  C8–C9–Fe1 69.29(11) 
C11–Fe1–C3  159.82(8)  C10–C9–Fe1 69.88(11) 
C10–Fe1–C3  124.08(8)  C11–C10–C9 107.98(17) 
C7–S1–C1 95.73(9)  C11–C10–Fe1 69.58(11) 
C2–C1–S1  104.21 (13)  C9–C10–Fe1 69.46(11) 
C6–C2–C3  108.99(15)  C12–C11–C10  108.12(17) 
C6–C2–C1 115.73(15)  C12–C11–Fe1 69.27(10) 
C3–C2–C1 135.28(17)  C10–C11–Fe1 69.86(10) 
C6–C2–Fe1 69.43(10)  C11–C12–C8  107.92(17) 
C3–C2–Fe1 70.20(10)  C11–C12–Fe1 70.04(10) 
C1–C2–Fe1 126.20(12)  C8–C12–Fe1 69.54(10) 
C2–C3–C4  107.01(15)    
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Table 2.8. Bond Distances (Å) and Bond Angles (°) for compound 12. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1–C4  2.034(2)  C5–Fe1–C4  107.63(8) 
Fe1–C3  2.036(2)  C4–Fe1–C3  41.17(8) 
Fe1–C2  2.0395(19)  C4–Fe1–C2  68.67(8) 
Fe1–C1  2.040(2)  C3–Fe1–C2  40.83(8) 
Fe1–C5  2.041(2)  C4–Fe1–C1  156.82(9) 
Fe1–C2  2.042(2)  C3–Fe1–C1  120.43(9) 
Fe1–C5  2.0438(19)  C2–Fe1–C1  106.59(8) 
Fe1–C6  2.0434(19)  C4–Fe1–C5  161.13(9) 
Fe1–C4  2.046(2)  C3–Fe1–C5  156.35(9) 
Fe1–C3  2.051(2)  C2–Fe1–C5  121.13(8) 
S1–O1  1.5009(15)  C1–Fe1–C5  40.82(9) 
S1–C7  1.839(2)  C4–Fe1–C2  121.65(9) 
S1–C1 1.844(2)  C3–Fe1–C2  106.62(9) 
C1–C2  1.491(3)  C2–Fe1–C2  123.30(9) 
C2–C3  1.422(3)  C1–Fe1–C2  40.67(9) 
C2–C6  1.427(3)  C5–Fe1–C2  68.50(9) 
C3–C4  1.431(3)  C4–Fe1–C5  41.27(8) 
C4–C5  1.437(3)  C3–Fe1–C5  69.69(8) 
C5–C6  1.426(3)  C2–Fe1–C5  69.08(8) 
C6–C7  1.495(3)  C1–Fe1–C5  160.25(9) 
C1–C2  1.418(3)  C5–Fe1–C5  123.69(8) 
C1–C5  1.423(3)  C2–Fe1–C5  157.70(9) 
C2–C3  1.418(3)  C4–Fe1–C6  68.69(8) 
C3–C4  1.414(3)  C3–Fe1–C6  69.04(8) 
C4–C5  1.426(3)  C2–Fe1–C6  40.90(8) 
Atoms Angles (°)  C1–Fe1–C6  123.49(9) 
C5–Fe1–C6  107.24(8)  C2–C3–Fe1 69.73(11) 
C2–Fe1–C6  160.08(9)  C4–C3–Fe1 69.34(11) 
C5–Fe1–C6  40.84(8)  C3–C4–C5  108.74(18) 
C4–Fe1–C4  124.48(8)  C3–C4–Fe1 69.49(11) 
C3–Fe1–C4  160.81(9)  C5–C4–Fe1 69.74(11) 
C2–Fe1–C4  157.45(9)  C6–C5–C4  106.92(17) 
C1–Fe1–C4  68.56(8)  C6–C5–Fe1 69.56(11) 
C5–Fe1–C4  40.86(8)  C4–C5–Fe1 68.99(11) 
C2–Fe1–C4  68.26(9)  C5–C6–C2  108.52(17) 
C6–Fe1–C4  122.10(8)  C5–C6–C7  137.09(18) 
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Atoms Angles (°)  Atoms Angles (°) 
C4–Fe1–C3  108.03(8)  C2–C6–C7  114.38(17) 
C3–Fe1–C3  123.88(8)  C5–C6–Fe1 69.60(11) 
C2–Fe1–C3  160.23(9)  C2–C6–Fe1 69.41(11) 
C1–Fe1–C3  68.33(8)  C7–C6–Fe1 125.07(14) 
C5–Fe1–C3  68.36(8)  C6–C7–S1  103.41(13) 
C2–Fe1–C3  40.54(8)  C2–C1–C5  107.91(18) 
C5–Fe1–C3  122.16(8)  C2–C1–Fe1 69.73(12) 
C6–Fe1–C3  157.80(9)  C5–C1–Fe1 69.61(12) 
C4–Fe1–C3  40.38(9)  C3–C2–C1  108.19(19) 
O1–S1–C7  107.44(9)  C3–C2–Fe1 70.09(11) 
O1–S1–C1 108.67(10)  C1–C2–Fe1 69.60(12) 
C7–S1–C1 92.72(9)  C4–C3–C2  108.13(18) 
C2–C1–S1  103.42 (13)  C4–C3–Fe1 69.59(12) 
C3–C2–C6  108.51(18)  C2–C3–Fe1 69.37(12) 
C3–C2–C1 136.79(19)  C3–C4–C5  108.05(18) 
C6–C2–C1 114.66(17)  C3–C4–Fe1 70.03(12) 
C3–C2–Fe1 69.44(11)  C5–C4–Fe1 69.38(11) 
C6–C2–Fe1 69.69(11)  C1–C5–C4  107.71(19) 
C1–C2–Fe1 124.32(14)  C1–C5–Fe1 69.57(12) 
C2–C3–C4  107.31(18)  C4–C5–Fe1 69.75(11) 
2.4. Summary and Future Work. 
Based on computational studies of the four isomeric thienothiophenes, thieno[3,4–
c]thiophene is the most reactive, largely due to its non-classical 1,3–diradical resonance 
form.123-125 Similar reactivity in our desired system may be precluding us from isolating a 
stable unsubstituted monomer unit (Figure 2.11). In situ trapping of ferrocene–fused 
thiophene monomer during dehydration attempts has eluded us so far. Further optimization 
of synthetic pathway to the quinoid form of the target molecule is needed along with 
changing other conjugated substituents as cited in Scheme 2.11. Future work will also 
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involve study of electronic and electrochromic properties. Investigation into 
polymerization (electrochemical and chemical) is the next logical step once the monomer 
(aromatic or quinoid form) is achieved.  
	
Figure 2.11. Resonance forms of ferroceno[3,4–c]thiophene. 
Part B: Synthesis of 5,5–Fused 2,5–Substituted Dihydrofuran complexes of Iron and 
Ruthenium 
2.5. Introduction  
Heterocycle-fused cyclopentadienyl metal complexes such as 1’,2’,3’,4’,5’-
pentamethylazaferrocene and 4-dimethylaminopyrindinyl-
pentamethylcyclopentadienyliron (Figure 2.12) are versatile analogues of organic 
nucleophilic catalysts such as chiral 4-(dimethylamino)-pyridine (DMAP) and imidazole 
and have been explored for decades.126-128  
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Figure 2.12. Chiral complexes of heterocycles with transition metal. 
Substituents on the heterocycles can be used to modify the overall structure and reactivity 
of the complexes. Heteroaryl substituents on metallocene Cp- or indenyl systems offer 
unique functionalities. Metallocene-1,2–dicarboxylic anhydrides of iron, ruthenium and 
manganese have been previously reported.129-131 Dreier et al.132-134 reported altering 
catalytic behavior of Ziegler-Natta catalysts by attaching heteroaryl substituents at the 
metallocene Cp- or indenyl- rings. We believe the reactivity of ferrocene and ruthenocene 
derivatives can also be tuned by electron-donating (e.g., 2-furyl and thienyl) or 
withdrawing (e.g., 2-pyridyl) groups attached to them. We have successfully synthesized 
2,5–substituted dihydrofuran fused to ferrocene and ruthenocene in acceptable yields. 
These heterocycles are potential precursors to metallocene–fused furans. The conjugated 
systems could be explored as catalysts as well as monomers for organometallic polymers. 
Studies of polyfuran as a potential conducting polymer are very limited compared to those 
of polythiophene, polypyrrole or polyaniline. This is attributed to the comparatively 
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inconvenient synthetic route to polyfuran and high oxidation potential.135 Its potential 
applications include anticorrosion coatings, low–frequency nonlinear electronic materials, 
electrically conducting, lubricating greases for electric motors and bearing assemblies and 
in chromatography as a coating for stationary phase material.10 Various composites, co–
polymers, and biopolymers have been prepared.135 We have established synthetic routes to 
precursors of ferrocene and ruthenocene-fused furans, building on the work on 
metallocenes-fused heterocycles series in Selegue lab.  
2.6. Experimental 
Section 2.2 lists general conditions for all experiments. n–BuLi (Acros), TlSO4 and 
fluorene (Aldrich) were used as received. [RuCl(PPh3)2(Cp)] was prepared according to 
Bruce et al.136 [Fe(fluorene)(Cp)]PF6 was prepared according to Helling et al. 137 The 
fulvenes 1,2-C5H3(CROH)(COR) (R = tBu (23a), Ph (23b), and Tol (23c)) were prepared 
following protocols developed previously in Selegue98,138 lab (Scheme 2.12). Compounds 
29 and 30 were synthesized via Benedikt and Schlögl’s139 method (Scheme	2.16).  
Synthesis of 1,2–bis(pivaloyl)ferrocene (24).140 In a 100 mL Schlenk flask, 23a (30.0 mg, 
0.130 mmol) was dissolved in 10.0 mL THF, maintained at –72 °C. n–BuLi (0.130 mmol, 
l0.1 mL, 2.30 M) was added dropwise to the solution via syringe. In another 100 mL 
Schlenk flask [Fe(fluorene)(Cp)]PF6 (55.0 mg, 0.130 mmol) was dissolved in 10 mL THF, 
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maintained at 0 °C. t–BuOK (15.0 mg, 0.130 mmol) was added to the solution of 
[Fe(fluorene)(Cp)]PF6, which immediately turned blue. After 30 min, solution in the flask 
containing 23a was transferred to the one containing [CpFe(fluorenyl)] via cannula under 
N2 atmosphere. The mixture was refluxed overnight, cooled to room temperature, filtered 
through a pad of Celite, and dried in vacuo. Column chromatography of the crude mixture 
gave 24 (18.5 mg, 0.0520 mmol, 40%) as a final red band with 5% ethyl ether in hexane 
as eluent. 1H NMR (400 MHz, CDCl3, ppm): 4.536 (d, 2H 3J = 2.4 Hz, CHCHCH), 4.429 
(t, 1H, 3J = 2.4 Hz, CHCHCH), 4.350 (s, 5H, Cp), 1.164 (s, 18H, t–Bu) 13C NMR (100 
MHz, CDCl3, ppm): 210.7, 86.24, 71.41, 70.32, 70.12, 44.72, 27.89. 
IR (ATR, cm–1): 3094, 2964, 2929, 1696, 1642, 1478, 1335, 1133, 968.0, 885.0 Mp: 115.3 
-116°C 
Attempted synthesis of ferroceno[c]-2,5-bis(t–butyl)thiophene (25). Method 1. 
Compound 24 (30.0 mg, 0.0800 mmol) was dissolved in 8.00 mL of freshly dried benzene. 
To the solution, about 150 mg (3.7 mmol) of Lawesson’s reagent (LR) was added and the 
mixture brought to reflux. After 4 h, an additional 150 mg (3.70 mmol) of LR was added 
and the mixture was let to stir overnight. The mixture was cooled, filtered and dried. 
Column chromatography yielded the demetalated dimer 4H–cyclopenta[c]-1,3–bis(t–
butyl)thiophene, 26 (7.0 mg, 0.015 mmol, 19%). 1H NMR (400 MHz, CDCl3, ppm): 
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6.066 (dd, 2H, H5 and H5’ 3J = 6 Hz,), 5.651 (d, 2H, H4 and H4’ 3J = 6 Hz), 5.085 (t, 1H, 
H6 3J = 2.4 Hz), 4.640 (t, 1H, H6’, 3J = 2.4 Hz), 1.464 (s, 9H, t–Bu), 1.354 (s, 9H, t–Bu), 
1.364 (s, 9H, t–Bu), 1.230 (s, 9H, t–Bu). 
Method 2. Compound 24 (25.0 mg 0.0700 mmol) was dissolved in 6.00 mL of freshly 
dried DCM. P4S10 (47.0 mg, 0.110 mmol) of was added along with a few drops of 
triethylamine. This was stirred at 0 °C for 1 h and allowed to warm to 25 °C. The mixture 
turned blue at room temperature. After 1 h, the solvent was dried and the resulting solid 
was insoluble in any organic solvent and hence not characterized further. 
Synthesis of ferroceno[c]-2,5-di(tert-butyl)dihydrofuran (28). Compound 24 (15.0 mg, 
0.0400 mmol) was dissolved in 5.00 mL of freshly dried THF at 0 °C. LAH (4.00 mg, 
0.110 mmol) was added and the reaction stirred for 1 h while the temperature warmed to 
room temperature. A few drops of dilute HCl were added to quench excess LAH, filtered 
through Celite pad and the solvents dried under vacuum. Acetic anhydride (6.00 mL) was 
added to the crude solid and the solution refluxed for 5 h. The solvent was evaporated under 
reduced pressure. Compound 28 (8.00 mg, 0.0240 mmol, 59%) was collected as red band 
via column chromatography on SiO2 with 2% ethyl ether in hexane as eluent. 1H NMR 
(400 MHz, CDCl3, ppm): 5.016 (s, 2H, CCHO), 4.136 (d, 2H, 3J = 2.0 Hz, CHCHCH), 
4.037 (s, 5H, Cp), 3.929 (t, 1H, 3J = 2.0 Hz, CHCHCH), 0.897 (s, 18H, t–Bu) 13C NMR 
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(100 MHz, CDCl3, ppm): 95.76, 88.52, 70.58, 69.01, 60.50, 35.45, 26.05. IR (ATR, cm–
1): 3088, 2954, 2929, 1732, 1478, 1461, 1361, 990, 807. Mp: 91.5-92°C 
Attempted synthesis of ferroceno[c]-2,6-dicyanothiophene	 (31). To a stirred 
solution of compound 30 (150.0 mg, 0.568 mmol) in dry DCM (25 mL) maintained at 0 
°C, 0.105 mL (1.45 mmol) of SOCl2 was added dropwise. After 5 min, 0.250 mL (1.790 
mL) of triethylamine added dropwise. The solution turned deep blue and precipitation 
occurred. The mixture was allowed to stir for another hour while warming up to room temp. 
Upon evaporation of organic solvents substantial amount of dark blue-black amorphous 
material was obtained. 1H NMR indicated presence of paramagnetic compounds and could 
not be resolved.  
Other attempts involving reaction at room temperature and overnight stirring gave the same 
result as the one mentioned above.  
Synthesis of 1,2-bis(pivaloyl)ruthenocene (32). Compound 23a (100 mg, 0.427 mmol) 
and silver acetate (74.8 mg, 0.440 mmol) were stirred in 30.0 mL of methanol at 60 °C for 
1 h under low light conditions in air. To this was added [RuCl(PPh3)2(Cp)] (304 mg, 0.418 
mmol) and the reaction was stirred for 16 h at the same temperature. Hot filtration was 
done and the dark solution evaporated in vacuo. Fulvene was first eluted by 
chromatography on SiO2 using hexane, followed by 32 (66.5 mg, 0.167 mmol, 40%) with 
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3% ethyl ether in hexane. 1H NMR (400 MHz, CDCl3, ppm): 4.840 (d, 2H, 2J = 1.6 Hz, 
CHCHCH), 4.728 (t, 1H, 3J = 1.6 Hz, CHCHCH), 4.689 (s, 5H, Cp), 1.187 (s, 18H, t–Bu) 
13C NMR (100 MHz, CDCl3, ppm): 208.6, 124.9, 89.73, 73.56, 71.50, 44.29, 27.91. IR 
(ATR, cm–1): 3090, 2959, 2929, 1695, 1660, 1477, 967, 883. Mp: 173-175°C 
Synthesis of ruthenoceno[c]-2,5-di(tert-butyl)dihydrofuran (33). Compound 32 (100 
mg, 0.250 mmol) was dissolved in 15.0 mL of freshly dried THF at 0 °C. To the solution, 
12.0 mg (0.330 mmol) of LAH was added. Color changed to dark brown from yellow-
green. The reaction was stirred for 2 h while the temperature warmed up to room 
temperature. A few drops of dilute HCl were added to quench excess LAH and the solvent 
dried under vacuum. Acetic anhydride (6.00 mL) was added to it and the solution refluxed 
for 5 h. The solvent was evaporated under reduced pressure and compound 30 (53.0 mg, 
0.275 mmol, 55%) collected as red band via chromatography on SiO2 with 5% ethyl ether 
in hexane as eluent. 1H NMR (400 MHz, CDCl3, ppm) 5.440 (s, 2H, CCHO), 4.683 (d, 
2H, 3J = 2.4 Hz, CHCHCH), 4.513 (s, 5H, Cp), 4.476(t, 1H, 2J = 2.4 Hz, CHCHCH), 0.958 
(s, 18H, t–Bu) IR (ATR, cm–1): 3087, 2956, 1479, 1460, 1362, 1105, 1034, 991,819. Mp: 
165°C 
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Scheme 2.12. Synthesis of 1,2-disubstituted fulvene.140 
	
Scheme 2.13. Synthesis of 1,2–bis(pivaloyl)ferrocene (24).137,140,141 
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Scheme 2.14. Attempted synthesis of ferroceno[c]-2,5-di(tert-butyl)thiophene (25). 
	
Figure 2.13. Dimer of 4H–cyclopenta[c]-1,3–bis(t–butyl)thiophene (26). 
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Scheme 2.15. Synthesis of ferroceno[c]-2,5-di(tert-butyl)dihydrofuran (28). 
Scheme	2.16.	Synthesis	of	1,2-bis(cyanomethyl)ferrocene	(30).	
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Scheme 2.17. Attempted synthesis of ferroceno[c]-2,6-dicyanothiophene (31). 
Scheme	2.18.	Synthesis	of	ruthenoceno[c]-di(tert-butyl)dihydrofuran	(33).	
2.7. Results and Discussion 
2.7.1. Synthesis: 
Compound 24 was synthesized in 40% yield using a protocol developed by Chung et al.141. 
Fulvenes with p-toluoyl substituents gave intractable mixtures upon reaction with 
[CpFe(fluorene)]PF6. A convenient, one-pot synthetic route was developed for previously 
unreported compounds 27, 28 and 33 starting from 24 and 32 respectively. Cyclization 
occurs via the reduction of diketones (24 and 32) to the corresponding diols, followed by 
intramolecular condensation upon refluxing in acetic anhydride. The intermediate diol has 
been isolated and verified using spectroscopic methods. Thionation attempts on the 
diketone 24 using Lawesson’s reagent resulted in demetalation and the dimerized ligand 
26 was isolated via chromatography. P4S10 thionation gave a solid product that was 
insoluble in common organic solvents and could not be characterized. 
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2.7.2. Spectroscopy: 
New compounds were characterized by spectroscopic methods, including 1H and 13C NMR 
and IR. Characteristic ketone C=O stretches for compounds 24 are observed at 1696 and 
1642 cm-1 and for 32 at 1695 and 1660 cm-1. A broad O–H peak and absence of C=O stretch 
is seen for the intermediate alcohol product 27. Asymmetrical C—O—C stretching 
absorptions of 28 are observed at 1034 and 1106 cm-1. 1H NMR resonances of unsubstituted 
Cp ring of 28 and 33 lie in the range of 4.01 to 4.50, unchanged from typical ferrocene and 
ruthenocene Cp peaks in CDCl3. Compounds 24 and 32 have unsubstituted Cp peaks 
further downfield than normal at 4.35 ppm and 4.69 ppm, respectively. This could be due 
to the electron-withdrawing effect of the two carbonyl groups on them. The proton 
resonances of the substituted cyclopentadienyl ligand of 24, 27, 28, 32 and 33 display a 
characteristic doublet and triplet with an integration of 2:1. 1H NMR spectra of selected 
groups in compounds 24, 28, 32 and 33 are listed in Table 2.9. 
Table 2.9. Selected 1H NMR spectroscopic data (ppm) for complexes 24, 28,32,and 33. 
Complex C5H5 δH CHCHCH δH CHCHCH δH CH δH CH3 δH Solvent* 
24 4.35 4.54 4.43 - 1.16 CDCl3 
28 4.04 4.14 3.93 5.02 0.90 CDCl3 
32 4.69 4.84 4.73 - 1.19 CDCl3 
33 4.51 4.68 4.48 5.44 0.96 CDCl3 
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2.7.3. Structure:  
The structures of 4,4’-bis-4H–cyclopenta[c]-1,3-bis(t-butyl)thiophene (26), [Fe{η5–
C5H3(CHOHC(CH3)3)2}(Cp)] (27), and [Fe{η5–C5H3(CHC(CH3)3)2O}(Cp)] (28) were 
determined by single X–ray crystallography. Single crystals of 26, 27 and 28 were grown 
by slow evaporation of hexane and ethyl ether at room temperature. Molecular structures 
of 26, 27, and 28 with numbering are shown in Figure 2.14–Figure	2.16. The crystal 
structure and refinement data for these complexes can be found in Table 2.10–Table 2.13. 
The two thiophene planes S1 and S2 in solid-state packing of 26 are at an angle of 49.77° 
with respect to each other. The thiophene plane is slightly distorted. This could be due to 
the packing strain of the bulky t-butyl groups. Average torsion on the S1 and S2 thiophene 
planes is 2.92°. Shortest distance between the t-butyl C—H hydrogen and the aromatic 
plane in solid-state packing of dimer 26 is 2.74 Å (intramolecular) and 2.86 Å 
(intermolecular) which is within range of the standard mean value for an interaction of the 
CCH3-aerene type.142-145 This indicates that the supramolecular structure is primarily 
dominated by CH3-π interactions. As expected, no π–π stacking is observed because of 
steric hindrance of t-butyl groups. The average bond distance from the centroids of Cp and 
substituted–Cp to iron are: 27 [1.658(3) Å, 1.649(3) Å] and 28 [1.643(3) Å, 1.647(3) Å]. 
Substituted Cp ligand of 27 is closer to iron than unsubstituted Cp by ca. 0.01 Å. Compound 
77	
27 exhibits intramolecular (1.976 Å) and intermolecular (1.991 Å) hydrogen-bonding 
within typical range in solid state. Both of the OH hydrogens on 27 had to be disordered 
over two sites with 50% occupancy so as to prevent clashes with symmetry-related 
hydroxyls during structure refinement. Figure 2.17 shows that the packing arrangement of 
27 in the solid state is largely influenced by hydrogen bonding. Compound 28 is packed in 
orthorhombic crystal system with two crystallographically independent molecules per unit 
cell. The bulky t-butyl groups and oxygen atom on 28 are positioned exo to the metal 
center. The C6B–O1B–C11B plane of 28 (Figure 2.16) is at an angle of 23.39° to the Cp 
plane. Shortest CH/π separation between the t-butyl C—H hydrogen and the substituted 
Cp plane is 3.241 Å (intramolecular) and between the C—H hydrogen of the unsubstituted 
Cp to the neighboring molecular unsubstituted Cp plane is 3.007 Å.  
	
Figure 2.14. Molecular structure of 4H–cyclopenta[c]-1,3–bis(t–butyl)thiophene (26). 
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Figure 2.15. Molecular structure of [Fe{η5–C5H3(CHOHC(CH3)3)2}(Cp)] (27). 
	
Figure 2.16. Molecular structure of [Fe{η5–C5H3(CHC(CH3)3)2O}(Cp)] (28). 
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Figure 2.17. Packing of 27 along the a–axis. 
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Table 2.10. Crystal Data and Structure Refinement for compounds 26, 27 and 28. 
Compound 26 27 28 
Formula C30H42S2 C20H30FeO2 C20H28FeO2 
Formula wt. (amu) 233.38 358.29 340.27 
T, K 90.0(2) 90.0(2) 90.0(2) 
Crystal System Monoclinic Monoclinic Orthorhombic 
Space Group P21/c P21/c Pca21 
Z 8 4 8 
a, Å 15.1796(4) 11.8657(2) 17.5370(1) 
b, Å 17.2491(4) 10.7070(2) 16.4622(2) 
c, Å 10.2351(3) 14.6461(3) 12.3144(2) 
α, (deg) 90 90 90 
β, (deg) 95.947(2) 95.8327(7) 90 
γ, (deg) 90 90 90 
V, Ǻ^3 2665.48(12) 1182.95(4) 3555.14(7) 
dcalc, Mg/m3 1.163 1.286 1.271 
F (000) 1016 768 1456 
Crystal size (mm3) 0.140 × 0.080 × 0.030 
0.250 × 0.200 × 
0.080 
0.280 × 0.250 × 
0.060 
Radiation Mo K (λ = 0.71073 Å)  
Mo K (λ = 0.71073 
Å)  
Mo K (λ = 0.71073 
Å)  
Monochromator Graphite  Graphite  Graded 
Absorption 
coefficient (mm–1) 1.901 0.822 0.848 
Diffractometer Nonius KappaCCD Nonius KappaCCD Nonius KappaCCD 
Range (deg) 2.927 to 68.202 2.361 to 27.499 1.697 to 27.492 
Limiting indices 0 ≤ h ≤ 18,  –15 ≤ h ≤ 15 –22 ≤ h ≤ 21 
  –20 ≤ k ≤ 0 –13 ≤ k ≤ 13 –21 ≤ k ≤ 21 
  –12 ≤ l ≤ 12  –19 ≤ l ≤ 18 –15 ≤ l ≤ 15 
Reflections 
collected 4747 19805 39962 
Independent 
reflections 4747 4252 8128 
Absorption 
correction 
Semi–empirical 
from equivalents 
Semi–empirical 
from equivalents 
Semi–empirical 
from equivalents 
Refinement 
method SHELXL–97 SHELXL–97 SHELXL–97 
Refinement 
method 
Full–matrix least–
squares on F2 
Full–matrix least–
squares on F2 
Full–matrix least–
squares on F2 
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Data/restraints/para
meter 4747 / 0 / 302 4252 / 2 / 216 8128 / 1 / 409  
Goodness–of–fit 
on F2 1.072 1.057 1.048 
Final R indices 
[l>2σ (l)] 
R1 = 0.0555, wR2 = 
0.1659 
R1 = 0.0484, wR2 = 
0.1086  
R1 = 0.0342, wR2 = 
0.0749  
R indices (all data) R1 = 0.0616, wR2 = 0.1709  
R1 = 0.0735, wR2 = 
0.1183  
R1 = 0.0465, wR2 = 
0.0796 
Largest diff. peak 
and hole 
0.396 and–0.398 
eÅ–3 
0.767 and–0.358 
eÅ–3 
0.405 and–0398 eÅ–
3 
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Table 2.11. Bond Distances (Å) and Bond Angles (°) for compound 26. 
Atoms Distances (Å)  Atoms Angles (°) 
S1–C3 1.741(3)  C5–C6–C7 112.6(3) 
S1–C2 1.751(3)  C6–C7–C1 100.9(3) 
S2–C12 1.742(3)  C13–C27–C30 111.2(3) 
S2–C13 1.749(3)  C13–C27–C28 109.7(3) 
C1–C2 1.367(4)  C30–C27–C28 107.9(3) 
C1–C4 1.438(4)  C13–C27–C29 110.0(3) 
C1–C7 1.529(4)  C30–C27–C29 107.7(3) 
C2–C19 1.522(4)  C28–C27–C29 110.3(3) 
C3–C4 1.354(5)  C3–C4–C5 136.6(3) 
C3–C15 1.524(4)  C1–C4–C5 107.8(3) 
C4–C5 1.469(4)  C6–C5–C4 109.3(3) 
C5–C6 1.334(5)  C6–C7–C8 106.7(2) 
C6–C7 1.521(4)  C1–C7–C8 115.1(3) 
C7–C8 1.579(4)  C9–C8–C14 101.5(3) 
C8–C9 1.512(5)  C9–C8–C7 112.4(3) 
C8–C14 1.519(4)  C14–C8–C7 118.9(2) 
C9–C10 1.336(5)  C10–C9–C8 112.7(3) 
C10–C11 1.468(4)  C9–C10–C11 109.6(3) 
C11–C12 1.365(4)  C12–C11–C14 114.6(3) 
C11–C14 1.442(5)  C12–C11–C10 138.1(3) 
C12–C23 1.518(4)  C14–C11–C10 107.3(3) 
C13–C14 1.357(4)  C11–C12–C23 133.0(3) 
C13–C27 1.518(4)  C11–C12–S2 108.2(2) 
C15–C18 1.529(5)  C23–C12–S2 118.8(2) 
C15–C17 1.531(5)  C14–C13–C27 132.4(3) 
C15–C16 1.533(5)  C14–C13–S2 108.6(2) 
C19–C21 1.532(4)  C27–C13–S2 118.9(2) 
C19–C20 1.533(4)  C13–C14–C11 114.0(3) 
C19–C22 1.544(4)  C13–C14–C8 137.0(3) 
C23–C24 1.511(5)  C11–C14–C8 109.0(3) 
C23–C26 1.536(5)  C3–C15–C18 111.8(3) 
C23–C25 1.539(5)  C3–C15–C17 108.2(3) 
C27–C30 1.525(5)  C18–C15–C17 109.2(3) 
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C27–C28 1.537(5)  C3–C15–C16 109.8(3) 
C27–C29 1.541(4)  C18–C15–C16 107.8(3) 
Atoms Angles (°)  C17–C15–C16 110.0(3) 
C3–S1–C2 94.29(15)  C2–C19–C21 110.6(3) 
C12–S2–C13 94.51(15)  C2–C19–C20 110.2(3) 
C2–C1–C4 113.2(3)  C21–C19–C20 109.3(3) 
C2–C1–C7 138.4(3)  C2–C19–C22 109.2(3) 
C4–C1–C7 108.3(3)  C21–C19–C22 109.4(3) 
C1–C2–C19 133.8(3)  C20–C19–C22 108.1(3) 
C1–C2–S1 108.7(2)  C24–C23–C12 111.2(3) 
C19–C2–S1 117.5(2)  C24–C23–C26 108.7(3) 
C4–C3–C15 130.1(3)  C12–C23–C26 110.7(3) 
C4–C3–S1 108.3(2)  C24–C23–C25 109.7(3) 
C15–C3–S1 121.7(2)  C12–C23–C25 109.2(3) 
C3–C4–C1 115.5(3)  C26–C23–C25 107.3(3) 
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Table 2.12. Bond Distances (Å) and Bond Angles (°) for compound 27. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1–C2 2.031(3)  C4’–Fe1–C3’ 40.25(13) 
Fe1–C4 2.034(3)  C2–Fe1–C5’ 155.98(15) 
Fe1–C3 2.036(3)  C4–Fe1–C5’ 128.57(14) 
Fe1–C4’ 2.040(3)  C3–Fe1–C5’ 163.21(15) 
Fe1–C3’ 2.042(3)  C3–Fe1–C3’ 104.33(11) 
Fe1–C5’ 2.043(3)  C4’–Fe1–C5’ 40.62(15) 
Fe1–C1’ 2.048(3)  C3’–Fe1–C5’ 67.61(13) 
Fe1–C2’ 2.052(3)  C2–Fe1–C1’ 120.07(14) 
Fe1–C5 2.066(2)  C4–Fe1–C1’ 166.85(13) 
Fe1–C1 2.071(2)  C3–Fe1–C1’ 152.26(14) 
O1–C11 1.441(3)  C4’–Fe1–C1’ 67.93(15) 
O1–H1O 0.84  C3’–Fe1–C1’ 67.53(11) 
O1–H1O’ 0.84  C5’–Fe1–C1’ 40.10(15) 
O2–C6 1.441(3)  C2–Fe1–C2’ 106.14(11) 
O2–H2O 0.84  C4–Fe1–C2’ 151.07(11) 
O2–H2O’ 0.84  C3–Fe1–C2’ 116.64(11) 
C1–C2 1.426(3)  C4’–Fe1–C2’ 67.68(12) 
C1–C5 1.441(4)  C3’–Fe1–C2’ 40.09(11) 
C1–C11 1.518(3)  C5’–Fe1–C2’ 67.39(13) 
C2–C3 1.416(4)  C1’–Fe1–C2’ 40.12(12) 
C3–C4 1.413(4)  C2–Fe1–C5 68.80(10) 
C4–C5 1.441(3)  C4–Fe1–C5 41.16(10) 
C5–C6 1.525(4)  C3–Fe1–C5 68.97(10) 
C6–C7 1.537(4)  C4’–Fe1–C5 121.52(12) 
C7–C8 1.530(4)  C3’–Fe1–C5 154.00(11) 
C7–C9 1.535(5)  C5’–Fe1–C5 111.41(11) 
C7–C10 1.538(4)  C1’–Fe1–C5 129.69(11) 
C11–C12 1.553(4)  C2’–Fe1–C5 165.57(11) 
C12–C15 1.518(5)  C2–Fe1–C1 40.66(10) 
C12–C13 1.529(4)  C4–Fe1–C1 68.55(10) 
C12–C14 1.538(4)  C3–Fe1–C1 68.51(10) 
C1’–C5’ 1.403(5)  C4’–Fe1–C1 157.37(13) 
C1’–C2’ 1.406(4)  C3’–Fe1–C1 161.90(12) 
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C2’–C3’ 1.403(4)  C5’–Fe1–C1 123.50(13) 
C3’–C4’ 1.405(5)  C1’–Fe1–C1 110.63(11) 
C4’–C5’ 1.417(5)  C2’–Fe1–C1 126.83(11) 
Atoms Angles (°)  C5–Fe1–C1 40.78(10) 
C3–C4–C5 108.9(2)  C2–C1–C5 107.7(2) 
C3–C4–Fe1 69.76(15)  C2–C1–C11 120.9(2) 
C5–C4–Fe1 70.63(14)  C5–C1–C11 131.3(2) 
C4–C5–C1 106.6(2)  C2–C1–Fe1 68.17(14) 
C4–C5–C6 129.1(2)  C5–C1–Fe1 69.43(14) 
C1–C5–C6 124.2(2)  C11–C1–Fe1 129.89(18) 
C4–C5–Fe1 68.21(14)  C3–C2–C1 108.9(2) 
C1–C5–Fe1 69.79(14)  C3–C2–Fe1 69.80(15) 
C6–C5–Fe1 128.86(18)  C1–C2–Fe1 71.17(15) 
O2–C6–C5 110.5(2)  C4–C3–C2 107.9(2) 
O2–C6–C7 109.4(2)  C4–C3–Fe1 69.60(15) 
C5–C6–C7 118.5(2)  C2–C3–Fe1 69.45(15) 
C8–C7–C9 111.9(3)  C13–C12–C14 106.9(3) 
C8–C7–C6 109.5(3)  C15–C12–C11 112.4(3) 
C9–C7–C6 112.5(3)  C13–C12–C11 109.4(2) 
C8–C7–C10 107.6(3)  C14–C12–C11 107.3(2) 
C9–C7–C10 108.0(3)  C5’–C1’–C2’ 108.0(3) 
C6–C7–C10 107.1(2)  C5’–C1’–Fe1 69.76(18) 
O1–C11–C1 111.5(2)  C2’–C1’–Fe1 70.10(16) 
O1–C11–C12 109.9(2)  C3’–C2’–C1’ 108.0(3) 
C1–C11–C12 113.8(2)  C3’–C2’–Fe1 69.57(15) 
C15–C12–C13 109.7(3)  C1’–C2’–Fe1 69.79(16) 
C15–C12–C14 110.9(3)  C2’–C3’–C4’ 108.5(3) 
C2–Fe1–C4 68.48(11)  C2’–C3’–Fe1 70.34(15) 
C2–Fe1–C3 40.74(10)  C4’–C3’–Fe1 69.81(16) 
C4–Fe1–C3 40.64(11)  C3’–C4’–C5’ 107.3(3) 
C2–Fe1–C4’ 160.55(14)  C3’–C4’–Fe1 69.94(17) 
C4–Fe1–C4’ 107.47(12)  C5’–C4’–Fe1 69.78(19) 
C3–Fe1–C4’ 123.90(14)  C1’–C5’–C4’ 108.2(3) 
C2–Fe1–C3’ 123.31(12)  C1’–C5’–Fe1 70.14(19) 
C4–Fe1–C3’ 117.56(11)  C4’–C5’–Fe1 69.60(18) 
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Table 2.13. Bond Distances (Å) and Bond Angles (°) for compound 28. 
Atoms Distances (Å)  Atoms Angles (°) 
Fe1A–C3A 2.014(3)  C4’B–Fe1B–C1B 168.37(13) 
Fe1A–C5’A 2.034(3)  C5’B–Fe1B–C1B 129.29(14) 
Fe1A–C4A 2.034(3)  C3B–Fe1B–C4B 40.98(13) 
Fe1A–C4’A 2.037(3)  C2’B–Fe1B–C4B 166.91(14) 
Fe1A–C1’A 2.040(3)  C1’B–Fe1B–C4B 151.81(14) 
Fe1A–C5A 2.044(3)  C3A–Fe1A–C5’A 149.46(15) 
Fe1A–C3’A 2.046(3)  C3A–Fe1A–C4A 41.14(15) 
Fe1A–C2A 2.047(3)  C5’A–Fe1A–C4A 116.27(15) 
Fe1A–C2’A 2.048(3)  C3A–Fe1A–C4’A 116.49(15) 
Fe1A–C1A 2.063(3)  C5’A–Fe1A–C4’A 40.48(15) 
O1A–C6A 1.450(4)  C4A–Fe1A–C4’A 107.19(15) 
O1A–C11A 1.455(4)  C3A–Fe1A–C1’A 168.38(15) 
C1A–C5A 1.412(4)  C5’A–Fe1A–C1’A 40.74(15) 
C1A–C2A 1.430(4)  C4A–Fe1A–C1’A 149.65(15) 
C1A–C11A 1.506(4)  C4’A–Fe1A–C1’A 68.50(15) 
C2A–C3A 1.426(5)  C3A–Fe1A–C5A 68.39(13) 
C3A–C4A 1.423(5)  C5’A–Fe1A–C5A 108.59(14) 
C4A–C5A 1.419(5)  C4A–Fe1A–C5A 40.73(13) 
C5A–C6A 1.502(4)  C4’A–Fe1A–C5A 129.29(14) 
C6A–C7A 1.533(5)  C1’A–Fe1A–C5A 117.52(13) 
C7A–C10A 1.525(5)  C3A–Fe1A–C3’A 107.83(14) 
C7A–C9A 1.536(5)  C5’A–Fe1A–C3’A 68.23(14) 
C7A–C8A 1.537(5)  C4A–Fe1A–C3’A 128.77(15) 
C11A–C12A 1.523(4)  C4’A–Fe1A–C3’A 40.65(15) 
C12A–C14A 1.523(5)  C3A–Fe1A–C2A 41.09(14) 
C12A–C15A 1.533(5)  C5’A–Fe1A–C2A 168.47(14) 
C12A–C13A 1.535(6)  C4A–Fe1A–C2A 69.43(14) 
C1’A–C5’A 1.418(5)  C4’A–Fe1A–C2A 149.83(15) 
C1’A–C2’A 1.425(5)  C1’A–Fe1A–C2A 129.66(14) 
C2’A–C3’A 1.419(5)  C5A–Fe1A–C2A 68.58(13) 
C3’A–C4’A 1.418(5)  C3’A–Fe1A–C2A 116.96(14) 
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C4’A–C5’A 1.408(5)  C3A–Fe1A–C2’A 129.46(15) 
Fe1B–C3B 2.028(3)  C5’A–Fe1A–C2’A 68.32(15) 
Fe1B–C2’B 2.036(3)  C4A–Fe1A–C2’A 167.71(15) 
Fe1B–C1’B 2.038(3)  C4’A–Fe1A–C2’A 68.31(14) 
Fe1B–C2B 2.040(3)  C1’A–Fe1A–C2’A 40.80(15) 
Fe1B–C3’B 2.043(3)  C5A–Fe1A–C2’A 150.78(14) 
Fe1B–C4’B 2.044(3)  C3’A–Fe1A–C2’A 40.56(14) 
Fe1B–C5’B 2.044(3)  C2A–Fe1A–C2’A 108.33(14) 
Fe1B–C1B 2.050(3)  C3A–Fe1A–C1A 68.27(13) 
Fe1B–C4B 2.063(3)  C5’A–Fe1A–C1A 130.12(13) 
Fe1B–C5B 2.065(3)  C4A–Fe1A–C1A 68.43(13) 
O1B–C6B 1.449(4)  C4’A–Fe1A–C1A 167.83(14) 
O1B–C11B 1.454(3)  C1’A–Fe1A–C1A 109.15(13) 
C1B–C5B 1.409(4)  C5A–Fe1A–C1A 40.20(12) 
C1B–C2B 1.417(4)  C3’A–Fe1A–C1A 150.79(14) 
C1B–C11B 1.509(4)  C2A–Fe1A–C1A 40.72(12) 
C2B–C3B 1.421(5)  C2’A–Fe1A–C1A 118.29(13) 
C3B–C4B 1.433(5)  C6A–O1A–C11A 111.9(2) 
C4B–C5B 1.428(4)  C5A–C1A–C2A 108.4(3) 
C5B–C6B 1.506(4)  C5A–C1A–C11A 109.5(3) 
C6B–C7B 1.545(4)  C2A–C1A–C11A 142.0(3) 
C7B–C9B 1.526(5)  C5A–C1A–Fe1A 69.20(17) 
C7B–C10B 1.532(5)  C2A–C1A–Fe1A 69.06(18) 
C7B–C8B 1.538(5)  C11A–C1A–Fe1A 127.2(2) 
C11B–C12B 1.533(4)  C3A–C2A–C1A 106.5(3) 
C12B–C14B 1.526(5)  C3A–C2A–Fe1A 68.2(2) 
C12B–C13B 1.532(5)  C1A–C2A–Fe1A 70.21(18) 
C12B–C15B 1.533(5)  C4A–C3A–C2A 109.4(3) 
C1’B–C2’B 1.416(5)  C4A–C3A–Fe1A 70.19(19) 
C1’B–C5’B 1.417(5)  C2A–C3A–Fe1A 70.7(2) 
C2’B–C3’B 1.407(5)  C5A–C4A–C3A 106.8(3) 
C3’B–C4’B 1.422(5)  C5A–C4A–Fe1A 70.01(19) 
C4’B–C5’B 1.426(5)  C3A–C4A–Fe1A 68.67(19) 
Atoms Angles (°)  C1A–C5A–C4A 108.9(3) 
C2B–Fe1B–C4B 69.18(13)  C1A–C5A–C6A 109.2(3) 
C3’B–Fe1B–C4B 129.76(14)  C4A–C5A–C6A 141.9(3) 
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Atoms Angles (°)  Atoms Angles (°) 
C4’B–Fe1B–C4B 109.64(13)  C1A–C5A–Fe1A 70.60(17) 
C5’B–Fe1B–C4B 119.23(14)  C4A–C5A–Fe1A 69.26(18) 
C1B–Fe1B–C4B 68.20(12)  C6A–C5A–Fe1A 125.4(2) 
C3B–Fe1B–C5B 67.90(12)  O1A–C6A–C5A 102.8(2) 
C2’B–Fe1B–C5B 150.34(13)  O1A–C6A–C7A 110.4(2) 
C1’B–Fe1B–C5B 118.25(13)  C5A–C6A–C7A 117.8(3) 
C2B–Fe1B–C5B 68.20(12)  C10A–C7A–C6A 111.5(3) 
C3’B–Fe1B–C5B 168.87(14)  C10A–C7A–C9A 109.7(3) 
C4’B–Fe1B–C5B 131.07(13)  C6A–C7A–C9A 109.1(3) 
C5’B–Fe1B–C5B 110.06(13)  C10A–C7A–C8A 109.4(3) 
C1B–Fe1B–C5B 40.06(12)  C6A–C7A–C8A 107.5(3) 
C4B–Fe1B–C5B 40.48(13)  C9A–C7A–C8A 109.6(3) 
C6B–O1B–C11B 111.4(2)  O1A–C11A–C1A 102.4(3) 
C5B–C1B–C2B 109.0(3)  O1A–C11A–C12A 109.5(3) 
C5B–C1B–C11B 109.2(3)  C1A–C11A–C12A 117.3(3) 
C2B–C1B–C11B 141.8(3)  C11A–C12A–C14A 111.9(3) 
C5B–C1B–Fe1B 70.54(17)  C11A–C12A–C15A 108.9(3) 
C2B–C1B–Fe1B 69.33(17)  C14A–C12A–C15A 109.8(3) 
C11B–C1B–Fe1B 125.7(2)  C11A–C12A–C13A 107.5(3) 
C1B–C2B–C3B 106.8(3)  C14A–C12A–C13A 110.2(4) 
C1B–C2B–Fe1B 70.12(18)  C15A–C12A–C13A 108.4(3) 
C3B–C2B–Fe1B 69.12(18)  C4B–C3B–Fe1B 70.82(18) 
C2B–C3B–C4B 109.4(3)  C5B–C4B–C3B 106.1(3) 
C2B–C3B–Fe1B 69.98(18)  C5B–C4B–Fe1B 69.82(18) 
C5’A–C1’A–C2’A 107.4(3)  C3B–C4B–Fe1B 68.20(18) 
C5’A–C1’A–Fe1A 69.4(2)  C1B–C5B–C4B 108.7(3) 
C2’A–C1’A–Fe1A 69.90(19)  C1B–C5B–C6B 109.1(3) 
C3’A–C2’A–C1’A 108.0(3)  C4B–C5B–C6B 142.1(3) 
C3’A–C2’A–Fe1A 69.67(19)  C1B–C5B–Fe1B 69.40(16) 
C1’A–C2’A–Fe1A 69.31(19)  C4B–C5B–Fe1B 69.69(18) 
C4’A–C3’A–C2’A 107.9(3)  C6B–C5B–Fe1B 127.7(2) 
C4’A–C3’A–Fe1A 69.31(19)  O1B–C6B–C5B 103.1(2) 
C2’A–C3’A–Fe1A 69.77(19)  O1B–C6B–C7B 109.5(2) 
C5’A–C4’A–C3’A 108.1(3)  C5B–C6B–C7B 117.8(3) 
C5’A–C4’A–Fe1A 69.65(19)  C9B–C7B–C10B 110.2(3) 
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Atoms Angles (°)  Atoms Angles (°) 
C3’A–C4’A–Fe1A 70.0(2)  C9B–C7B–C8B 110.0(3) 
C4’A–C5’A–C1’A 108.6(3)  C10B–C7B–C8B 109.1(3) 
C4’A–C5’A–Fe1A 69.9(2)  C9B–C7B–C6B 109.1(3) 
C1’A–C5’A–Fe1A 69.86(19)  C10B–C7B–C6B 110.7(3) 
C3B–Fe1B–C2’B 127.63(14)  C8B–C7B–C6B 107.8(3) 
C3B–Fe1B–C1’B 165.50(14)  O1B–C11B–C1B 102.6(2) 
C2’B–Fe1B–C1’B 40.69(13)  O1B–C11B–C12B 109.9(2) 
C3B–Fe1B–C2B 40.90(13)  C1B–C11B–C12B 118.1(3) 
C2’B–Fe1B–C2B 105.93(13)  C14B–C12B–C13B 109.6(3) 
C1’B–Fe1B–C2B 126.84(14)  C14B–C12B–C11B 111.8(3) 
C3B–Fe1B–C3’B 108.02(14)  C13B–C12B–C11B 108.0(3) 
C2’B–Fe1B–C3’B 40.35(14)  C14B–C12B–C15B 109.8(3) 
C1’B–Fe1B–C3’B 68.34(14)  C13B–C12B–C15B 108.9(3) 
C2B–Fe1B–C3’B 116.06(14)  C11B–C12B–C15B 108.7(3) 
C3B–Fe1B–C4’B 118.54(13)  C2’B–C1’B–C5’B 107.9(3) 
C2’B–Fe1B–C4’B 68.26(13)  C2’B–C1’B–Fe1B 69.60(18) 
C1’B–Fe1B–C4’B 68.53(13)  C5’B–C1’B–Fe1B 70.0(2) 
C2B–Fe1B–C4’B 150.53(13)  C3’B–C2’B–C1’B 108.6(3) 
C3’B–Fe1B–C4’B 40.71(14)  C3’B–C2’B–Fe1B 70.1(2) 
C3B–Fe1B–C5’B 152.61(15)  C1’B–C2’B–Fe1B 69.72(19) 
C2’B–Fe1B–C5’B 68.28(14)  C2’B–C3’B–C4’B 108.1(3) 
C1’B–Fe1B–C5’B 40.61(14)  C2’B–C3’B–Fe1B 69.5(2) 
C2B–Fe1B–C5’B 165.95(14)  C4’B–C3’B–Fe1B 69.68(18) 
C3’B–Fe1B–C5’B 68.44(14)  C3’B–C4’B–C5’B 107.6(3) 
C4’B–Fe1B–C5’B 40.83(14)  C3’B–C4’B–Fe1B 69.61(19) 
C3B–Fe1B–C1B 67.91(13)  C5’B–C4’B–Fe1B 69.59(19) 
C2’B–Fe1B–C1B 116.54(12)  C1’B–C5’B–C4’B 107.9(3) 
C1’B–Fe1B–C1B 107.62(13)  C1’B–C5’B–Fe1B 69.44(19) 
C2B–Fe1B–C1B 40.54(12)  C4’B–C5’B–Fe1B 69.58(19) 
C3’B–Fe1B–C1B 149.39(14)    
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Chapter 3 : Photochromic Molecules - Diarylethenes 
3.1. Introduction 
Although  photochromism was observed two centuries ago, deliberate synthetic and 
mechanistic studies began only in the 1950s.146 A reversible transformation of a chemical 
species between its isomers by absorption of electromagnetic radiation is known as 
photochromism.147-149 Well-known examples of photochromic molecules include 
azobenzene 1 and spiropyran 2, both of which undergo reversible isomerization under 
ultraviolet (UV) light (Figure 3.1).  
	
Figure 3.1. Well known photochromic molecules. 
The photoisomerized forms 1b and 2b are orange and blue, respectively, beginning from 
colorless states. However, they are thermally unstable and relax back to the stable colorless 
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forms over time even in the dark. Cis-stilbene (Figure 3.2) also undergoes 
photocyclization; however, it is short-lived, as hydrogen elimination results in the 
formation of phenanthrene, terminating the cycloreversion process. 
	
Figure 3.2. Irreversible cyclization of phenanthrene. 
Substituting the 2-, 6- positions of the phenyl rings in stilbene with methyl groups 
prevented hydrogen elimination, and the system achieved photocycloreversion149,150 but 
remained thermally unstable. Lifetimes of the cyclized dihydro intermediate were 
increased moderately by Kellogg et al.151 by changing the phenyl rings to thiophene rings. 
Following work on the chemistry of fulgides by Heller and coworkers,152,153 serendipitous 
discovery of photochromic 1,2-diarylethene derivatives by Irie et al.149,154,155 introduced a 
new class of more stable and fatigue-resistant photochromic molecules. Furylfulgide 3 and 
diarylethene derivative 4 (Figure 3.3) undergo photoisomerization from colorless to red 
and exhibit modest thermal stability. However, more development awaits this class of 
compounds in order to be used for practical applications. Photochromic compounds can be 
broadly categorized into T-type or thermally reversible photochromic molecules and P-
type or thermally irreversible but photochemically reversible photochromic molecules. 
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Diarylethene derivatives with heterocyclic rings reported by Irie and Nakamura155 are a 
relatively new type of photochromic molecules having better thermal stability.  
	
Figure 3.3. Cycloreversion of furylfulgide and diarylethene. 
Electronic phenomena, such as molecular polarizability, dipole moment and emissive or 
absorptive properties at visible or near-visible radiation of these molecules during the 
process of photoisomerization, can be harnessed for use in photonic devices. Surface 
morphology changes in single crystals upon irradiation can be translated into mechanical 
work to develop photoinduced molecular machines.156,157 Variable transmission optical 
materials, optical memories, switches, molecular actuators, etc., are some broad areas of 
potential use.148 Irie has outlined the following main criteria for photochromic molecules 
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in practical applications: (1) thermal stability of both isomers, (2) fatigue resistance, (3) 
high sensitivity, (4) rapid response, and (5) reactivity in the solid state. Diarylethenes are a 
promising class of compounds fulfilling these requirements.  
3.2. Synthesis of Diarylethenes 
Diarylperfluorocyclopentenes154, diarylmaleic anhydride149 and diarylmaleimide158 are the 
most investigated diarylethenes. A typical synthetic route to diarylperfluorocyclopentene 
is shown in Scheme 3.1. Lithiated 2,4-substituted thiophene is treated with zinc(II) chloride 
in ether, which is reacted with the desired substituent via palladium-catalyzed Negishi 
coupling. The 2,4,5-substituted thiophene is halogenated, lithiated and reacted with 
octafluorocyclopentene to give the 1,2-bis(2,4,5-substituted thiophene-3-
yl)perfluorocyclopentene.  
	
Scheme 3.1. Typical synthetic route to diarylperfluorocyclopentene. 
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Variations of diarylethenes such as monosubstitution at the aryl group, asymmetric159,160 
groups, as well as ring size variation154 (from four to six) have been reported. Studies show 
that upon changing from a four-membered to a six-membered ring, the absorption 
maximum displays a bathochromic shift. The quantum yield was highest for the six-
membered ring system.161 Ring size is  key to maintaining the planarity of the molecule 
and hence, the extent of π-conjugation in the closed-ring isomer.154 The five-membered 
ring system provides an optimal balance between the absorption maximum and quantum 
yield. Scheme 3.2 shows the general route to 1,2-diarylethene system with maleic 
anhydride backbone. 2,3,5-Substituted thiophene reacts with chloromethyl methyl ether to 
give 2,3,5-R-4-(chloromethyl)thiophene. It is converted to its cyanomethyl derivative with 
NaCN, followed by coupling in base to give 1,2-dicyano derivative. The acid anhydride 
derivative is obtained by base hydrolysis of the 1,2-dicyanide compound.  
	
Scheme 3.2. General route to 1,2-diarylethene system with maleic anhydride backbone. 
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Scheme 3.3 outlines a method for the synthesis of asymmetric 1,2-diarylmaleimide with 
the use of oxalyl chloride and aminoacetonitrile.158 
	
Scheme 3.3. Typical synthesis of asymmetric 1,2-diarylmaleimide. 
Change of the heterocyclic alkene backbone only caused a slight bathochromic shift in the 
absorption spectrum, while thermal stability and fatigue resistance remained similar.  
Some other ethene-bridged, five-membered heterocyclic systems are presented in Chart	
3.1. Derivatives containing phosphorus, silylated five-membered rings, thiophene, 
thiazole, oxazole, or imidazole have been synthesized, but their closed-ring isomers were 
thermally unstable159,162,163 or showed poor photochromic properties, perhaps due to side-
processes affecting photocolorability and reversibility.164 The cyclization and 
cycloreversion of photochromic diarylethenes is principally an electrocyclic reaction of the 
central 6π-electron systems. Garavelli,165,166 Nenov,167 and others have reported theoretical 
studies on the framework, while Ern et al.155,168,169 have reported ultrafast dynamics of these 
systems using time-resolved spectroscopic experiments as well as theoretical studies on 
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dithienylethene derivatives. Synthetic approaches to the dithienylcyclopentene (BTC) 
framework and derivatives has been reviewed by Szaloki and coauthors.170 
	
Chart 3.1. Some ethene-bridged, five-membered heterocyclic systems. 
The ring-open isomer of 1,2-diarylethene exists in two atropisomers, i.e., parallel and 
antiparallel conformers with the two aryl rings in mirror symmetry and C2 symmetry, 
respectively (Figure 3.4). The population ratio of the two conformers in most cases is 
1:1.155 In accordance with Woodward-Hoffman rules, the photocyclization process of the 
ring–open state of the dithienylethene system can occur only from the antiparallel 
conformer via conrotatory cyclization while the parallel conformer is photochemically 
inactive.155,169,171,172 The antiparallel conformation can be favored by incorporating the 
system into a polymer backbone,173 setting the molecule in a crystal lattice,174,175 confining 
it within a space such as a cyclodextrin cavity,176-178 introducing bulky substituents169,179-
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181 or long alkyl groups182 and also by building a bridge structure between the two aryl 
rings.183,184  
	
Figure 3.4. Ring-open isomers of 1,2-diarylethene. 
3.3. Thermal Stability 
Theoretical studies on photochromic reactions of 1,2-diphenylethene, 1,2-di(3-
pyrrolyl)ethene, 1,2-di(3-furyl)ethene and 1,2-di(3-thienyl)ethene indicate that disrotatory 
cyclization, although allowed by symmetry, would have too large an energy barrier at the 
ground state to permit thermal cyclization. However, photoexcited states have no 
significant energy barrier and thus allow cyclization (from the first photochemically 
S
S
R1
R3
R2
R4
R6R5
S
S
R1
R3
R2
R4
R6
R5
S S
R1
R4
R2 R5
R6R3
(n)
antiparallel parallel
UVVis
98	
excited state, S1 in case of 1,2-diphenylethene and from the second photochemically 
excited state S2 for 1,2-di(3-furyl)ethene).155 Reversibility and stability between the open 
and closed forms are dictated by the ground-state energy difference between the two forms. 
Systems with a large energy difference (e.g., 1,2-diphenylethene) lead to an easier 
cycloreversion process, whereas those with a smaller energy difference (e.g., 1,2-di(3-
furyl)ethene) do not exhibit cycloreversion.155 The aromatic stabilization energy of the aryl 
group directly correlates to the thermal stability of the closed-ring isomer. Phenyl, pyrrolyl, 
or indolyl groups with high aromatic stabilization energy favored the ring-open form since 
the ring-closed form would affect their aromatic stabilization energy, while thiophene, 
furan, or benzothiophene groups with low stabilization energy led to the ring-closed form 
only (thermally irreversible diarylethene).155 The nature of substituents on the aryl group 
also influenced thermal stability of the molecule. Electron-withdrawing substituents on the 
aryl groups caused weakening of the central carbon-carbon bond, thus destabilizing the 
ring-closed form.185 Photocycloreversion quantum yield of these systems is not affected by 
substituents, since thermal stability is related to the ground-state energy of the molecule 
while photocycloreversion occurs via photochemically excited states. Incorporation of 
bulky substituents at the reactive carbons caused thermal cycloreversion of the closed-ring 
form.186,187 Kitagawa et al.188 showed that the nature of the substituent in the aryl group or 
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the hyperconjugation of the α-hydrogen in the substituent do not affect the thermal 
cycloreversion reactivity. Instead, the steric hindrance affects thermal stability. A 
theoretical study conducted by Chen189 correlates thermal stability of the closed-ring form 
to the bond distance between the two reactive carbons in diarylethenes with various 
substituents.  
a) Aromatic stabilization energy of aryl groups 
 
b) Electron-withdrawing substituents 
 
c) Steric hindrance of substituents 
	
Scheme 3.4. Thermal stability of diarylethene closed-ring isomers188 
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3.4. Fatigue Resistance 
Quantum yield of cyclization of 1,2-diarylethene depends on the ratio of the conformers. 
For a 1:1 mixture of conformers, the maximum ideal yield would be 0.5. Methods to 
increase the ratio of the antiparallel conformation, as mentioned earlier, enhance the 
quantum yield of cyclization to some degree. However, the cycloreversion reaction 
decreased with increasing π-conjugation of the aryl groups.190 This is attributed to the 
increase in energy of transition for cycloreversion due to the disruption of conjugated π-
electron system. With the extension of π-conjugation, the excited singlet state of the central 
photogenerated carbon-carbon bond decreases, leading to weaker antibonding character 
and hence, lower cycloreversion quantum yields.190,191 
The reversibility of a photochromic reaction takes place via chemical bond rearrangement, 
and any undesirable side reactions during this process hugely affect the fatigue resistance 
of the molecule. The following reaction sequence illustrates a side reaction during 
reversible photochromic reaction. 
 
It is estimated that even if the side reaction to generate B’ has a quantum yield, Φs, of 0.001, 
while the cycloreversion of B to A is 1, only 37% of A will remain after 1000 
A BB'
λ1, Φ A → B
λ2, Φ B → A
Φ s
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coloration/decoloration cycles.192 Table 3.1 lists fatigue-resistance data of some 
diarylethenes. Repeatable cycle number is the number of photochromic cycles after which 
the absorption intensity of the colored form decreases to 80% of the first cycle.192 An 
oxygenated product (Scheme 3.5) was detected during study of photodegradation 
mechanism of photochromic diarylethene derivatives by Irie and coworkers.193 Hence, 
formation of endoperoxide is one of the causes of facile degradation of some diarylethene 
compounds in air 
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.  
Table 3.1. Fatigue resistance of some diarylethenes.192 
 
In the absence of oxygen, compounds having unsubstituted 4- and 4’-positions at the 
thienyl groups underwent rearrangement into six-membered ring structures as side 
products from the closed-ring conformer under UV irradiation.194 
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Scheme 3.5. Photostable byproduct from diarylethene. 
Scheme 3.6195 shows the proposed mechanism of formation of photostable cyclized 
byproduct from a diarylethene system. In the first route, the photoexcitation of the 
cyclohexadiene conjugated closed-ring system leads to a diradical five-membered ring. 
Radical migration leads to the condensed-ring byproduct. The second route begins with the 
C–S bond cleavage leading to diradical generation. 
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Scheme 3.6. Proposed mechanism of formation of photostable cyclized byproduct from a 
diarylethene system.195 
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Scheme 3.6. contd.
 
Rearrangement of the radicals results in a bicyclohexane intermediate, which leads to the 
final photostable byproduct. Incorporation of aryl groups, such as benzothiophene, that are 
less reactive to singlet oxygen helps to minimize endoperoxide formation and enhance 
fatigue resistance. Introducing acetyl groups at the 6- and 6’-positions of the 
benzothiophene moiety and sulfone derivatives greatly increased the photostability of the 
molecule.196 Photochemical cleavage of the C–S bond and radical migration are thought to 
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be suppressed by the acetyl group. Methyl groups at the 4- and 4’-positions of the thiophene 
rings also prevent rearrangement into the six-membered byproducts.  
3.5. Absorbance, Response, and Reactivity 
A sharp and tunable absorbance band within the UV-visible range, a rapid response and 
linear or gated photochromic reactivity are some ideal characteristics sought for practical 
applications of photochromic molecules. 
In general, the ring-open form of diarylethenes absorbs shorter wavelengths, often within 
the UV range, while the absorption bands for the ring-closed form appear at longer 
wavelengths. Depending on the targeted application type, the absorbance criteria between 
the two isomers can vary widely. Table 3.2 lists the absorption maximum (λmax) of some 
diarylethenes in open- and closed-ring isomers reported in the literature. The open-ring 
form’s absorption is affected by the upper cycloalkane structure, as illustrated by the red 
shift of maleimide or maleic anhydride structures compared to the perfluorocyclopentene 
derivative. Absorbance of the ring-closed form is affected by the extent of π-electron 
delocalization throughout the aryl groups, including the substituent effect on those 
groups.160,185,197-199 The binding position of the aryl groups  (e.g. of thiazoyl groups) on 
perfluorocyclopentene moiety also changes the absorption band, as it affects the π-
conjugation along the molecule.160,199 
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Cyclization and cycloreversion dynamics for most diarylethene systems have been reported 
in the picosecond range. Pico- and femtosecond lasers are used on samples dissolved in 
organic solvents and in polymer films to observe the dynamic of the transient absorption 
spectrum to give optical switching rates.200-203 
Table 3.2. Photocyclization and photocycloreversion absorbance maxima of typical 
diarylethenes in n-hexane.185,197,204-206 
 
Compound Open-ring isomer
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Photochromic reactions generally have linear response to the number of photons absorbed. 
While it may be helpful in some applications, gated reactivity offers useful control in the 
reaction that can be used in devices such as memories and switches. In gated 
photochromism, an external stimulus acts as a switch to regulate the reactivity of the 
photochromic system. A number of approaches utilizing chemicals, heat, or another photon 
have been proposed and investigated to accomplish gated reactivity. A photochemically 
inactive diarylethene derivative having a N-(o-hydroxyphenyl) group has been chemically 
activated for photocycloreversion by esterification using acetic anhydride207 or via 
phosphorylation with organophosphates208 (Figure 3.5)  
	
Figure 3.5. Chemical activation of inactive diarylethene derivatives. 
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Diels-Alder cycloaddition between a photochemically inactive 2,3-diaryl-1,3-butadiene 
and maleic anhydride results in a photoresponsive 1,2-diarylcyclohexene product that 
spontaneously ring-closes under UV light.209 Similarly, a diarylethene system with 
cyclobutene-1,2-dione skeleton, exhibits photochromic properties only when the ketones 
are protected as cyclic acetals.210 Chemical reactivity of the substituents at the aryl group 
can also be utilized for gated reactivity. For example, the photochromic activity of a 
diarylethene derivative with (4-pyridyl)ethynyl group attached to the hexatriene core was 
suppressed by addition of trifluoroacetic acid and restored by diethylamine.211 Dulic et 
al.212 indicate the existence of a thermal barrier during the process of photocycloreversion, 
which goes through a “thermally equilibrated excited state (THEXI state)”. They 
demonstrated temperature-dependent cycloreversion phenomena as examples of 
temperature-gated photochromic behavior of diarylethenes. Miyasaka and coworkers213-216 
observed that ring-closed forms of diarylethenes underwent enhanced cycloreversion with 
picosecond laser via successive two-photon absorption. Femtosecond laser or steady-state 
light irradiation resulted in low yields of cycloreversion. 
Electrochemical activity and photochromic reactions within a single molecule constitute a 
dual-mode-type switching system for diarylethenes. Electrochemical cycloreversion 
phenomena on diarylethenes were studied and HOMO-LUMO energy levels for ring-
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closed and open forms reported.217 Branda et al.218,219 also reported electrochromic and 
photochromic activity in diarylethenes and established that the presence of aromatic rings 
connected directly to the reactive carbon atoms in the system was critical for 
electrochromism. Many derivatives of diarylethenes showing electrochemical 
cyclization/cycloreversion activity have been reported.218-223 In general, diarylethenes 
undergo oxidative cyclization when the radical cation(s) of the closed-ring isomers are 
more stable than the open-ring isomers while the inverse radical cation(s) stability leads to 
oxidative cycloreversion reaction.224  
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Combination of redox-active metals with the conjugated backbone of the diarylethene 
photoswitch is another direction into molecular electrochromic/photochromic systems. 
	
Figure 3.6. Redox-active metals with the conjugated organic systems. 
Akita et al.225-228 and Rigaut229,230 reported photochromic diarylethene units connected by 
acetylene linkers having metal complexes at the termini as shown in Figure 3.6. Energy 
transfer between the coordinated metal centers via the acetylene linkage (or the molecular 
wire) was investigated. In general, the authors reported that cyclization of diarylethenes 
occurred at exceptionally low potentials compared to pure organic systems. Ruthenium 
complexes cyclized more efficiently than the iron derivatives, while phosphine ligands 
hindered cyclization. The ring-open form of diarylethene facilitated no communication 
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between the metal centers, while the ring-closed isomer enabled metal-to-metal electronic 
coupling verified via electrochemical and near-IR studies. Lehn et al.231,232 reported the 
synthesis and photochromic studies of tungsten, rhenium and ruthenium complexes of 
dithienylethenes (Figure 3.7). Their systems exhibit light-triggered fluorescence resulting 
from metal-to-ligand charge-transfer (MLCT) that minimally affected the photoswitching 
process itself. 
	
Figure 3.7. Tungsten, rhenium and ruthenium complexes of dithienylethenes. 
De Cola and coworkers233,234 reported synthesis and study of homonuclear and a new 
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and Os(II) centers with an aryl bridge connecting them (Figure 3.8). In case of the 
diruthenium complex, photoinduced cyclization of the switching unit was promoted via 
efficient energy transfer from the excited metal center to the dithienylethene switch. In the 
heteronuclear system, the bridging unit allowed efficient energy transfer between the 
excited ruthenium to the osmium center in the open form because the osmium MLCT levels 
are lower than the ruthenium ones. However, in the closed form, the energy level of the 
dithienylethene unit is below the energy levels of the two metal centers, quenching both 
emissions.  
	
Figure 3.8. Dithienylperfluorocyclopentene sandwiched between two metal centers. 
Organometallic diarylethene systems can be developed as a unique light and electro-
triggered multifunctional switch. Metal-promoted electrocyclization having very low 
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potentials can assist reversible-photochromic activity. Besides tuning the diarylethene 
moiety, the potential to further functionalize the organometallic part offers an additional 
variable to manipulate the electronic properties of the system. 
3.6. Photomechanical Response 
The phenomenon of photochromism in diarylethene systems involves minute, consistent, 
morphological changes in the molecule along with the optical and electronic changes. 
Translation of the molecular motion into macroscopic mechanical motion has been a 
subject of great interest. Nature exhibits an elaborate array of such molecular machines235-
237 but synthetic systems are barely comparable to them in performance and efficiency. 
Although some polymers and carbon nanotubes exhibit mechanical movement, their 
translation into bulk material properties is challenging. One of the unique features of 
diarylethenes is that some undergo photochromism in the crystalline phase.  
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Figure 3.9. Chemical structure of open- and closed-ring isomers of diarylethene 
derivative.148,186,187 
The molecule shrinks during a ring-closing process and expands during a ring-opening 
process186,187,238 (Figure 3.9). Irie and coworkers239,240 have demonstrated that anisotropic 
shape changes occur due to molecular strain in a densely packed photoactive diarylethene 
derivative crystal. Others241,242 have also demonstrated that upon refining the shape of the 
crystal into sheets or rods, the photochromic phenomenon causes minute reversible 
mechanical changes on the material. The diarylethene framework is therefore a viable 
candidate for research into molecular mechanical devices.  
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The diarylethenes show great promise in advancing many physical and chemical 
characteristics, including fatigue resistance, ultrafast and highly sensitive dynamics, 
multimodal-switching-triggering control, stability, and molecular to macroscopic 
mechanical energy transfer. Further research is necessary to develop these systems in order 
to integrate them into real-world materials and biological applications. 
  
117	
Chapter 4 : Synthesis and Characterization of 1,2-Dithienylcyclopentadienyl 
Complexes of Iron and Manganese 
4.1. Introduction: 
We hypothesize that 1,2-dithienyl metallocenes may lead to stable photochromic 
“switches” with solution and solid-state reactivity, fatigue resistance and possible 
electrochromism based on metallocenes’ reversible redox behavior. We hope that the 
crystallinity of metallocene moieties would also assist in increasing the ratio of the 
antiparallel form of 1,2-dithienylmetallocene, thereby increasing the overall cyclization 
quantum yield. The synthetic pathway for 1,2-dithienylferrocene involved the reaction of 
α-bromo-3-acetyl-2,5-dimethylthiophene (3) with ethyl 4-(2,5-dimethylthiophen-3-yl)-3-
oxobutanoate (7) to give 2,3-diarylcyclopent-2-en-1-one (9). Compounds 2-5243-245, 7246 
and 9247 were synthesized following literature methods. Synthesis of compound 8 was 
modified slightly from literature procedure as described below. Compound 3 was 
converted to its cyclopentadienide form by first reducing the ketone to alcohol using LAH, 
followed by dehydration to give the cyclic diene (15), and deprotonation of the substituted 
cyclic diene using n-butyllithium to give (1,2-bis(2,5-dimethylthiophene)-2,4-
cyclopentadien-1-yl)lithium. The deprotonated form of [Fe(Cp)(fluorene)]PF6 was used as 
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a ligand exchange reagent and reacted with the lithium salt of 15 to yield the target 
compound.137 
Synthesis of 1,2-bis(2,5-dimethylthien-3-yl)cymantrene involved transmetalation reaction 
between thallium 1,2-bis(2,5-dimethylthiophene)cyclopentadienide with manganese 
pentacarbonyl bromide in refluxing benzene. The thallium salt was generated either by 
refluxing the cyclopentadiene 15 with TlSO4 and aqueous base in ethanol or by reacting 15 
with thallium(I) ethoxide in THF. 
	
Scheme 4.1. Synthesis of 3-acetyl-2,5-dimethylthiophene from 2,5-hexanedione (3). 
	
Scheme 4.2. Synthesis of ethyl 4-(2,5-dimethylthien-3-yl)-3-oxobutanoate (7) 
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Scheme 4.3. 2,3-Bis(2,5-dimethylthienyl)cyclopent-2-en-1-one (9) 
	
Scheme 4.4. Attempted alternative routes to compound 15 
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Scheme 4.5. Attempted double aldol condensation 
	
Scheme 4.6. 1,2-Bis(2,5-dimethylthien-3-yl)ferrocene (17) 
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Scheme 4.7. 1,2-Bis(2,5-dimethylthien-3-yl)cymantrene (18) 
	
Scheme 4.8. Alternative route to 18 
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borohydride (EMD) and tetrafluoroboric acid (J.T. Baker) were used without further 
purification. Organic phases were dried using anhydrous magnesium sulfate 
(Mallinckrodt). Flash chromatography was performed using 60-Å pore size, 230–400 mesh 
silica gel (Sorbent Technologies). 1H and 13C NMR spectra were recorded on a Varian 
Gemini-400 spectrometer at ca. 23 °C unless mentioned otherwise, and were referenced to 
residual solvent peaks. Infrared spectra were recorded on an ATR Nicolet iS10 FT-IR 
spectrometer. Melting points were taken in air on a Thomas-Hoover capillary melting point 
apparatus or DigiMelt MPA 160 and are uncorrected. X-ray diffraction data were collected 
at 90 K on either a Nonius KappaCCD diffractometer or a Bruker-Nonius X8 Proteum 
diffractometer. Crystal indexing and data processing were performed with either DENZO–
SMN (KappaCCD) or Bruker APEX2 (X8 Proteum). The structures were solved and 
refined by using SHELXL−97.27 
Synthesis of α-bromo-3-acetyl-2,5-dimethylthiophene (8). A solution of bromine (1.20 
mL, 24.0 mmol) in 20.0 mL glacial acetic acid was added dropwise to a stirring solution 
of 3-acetyl-2,5-dimethylthiophene (3.70 g, 24.0 mmol) in 20.0 mL glacial acetic acid under 
constant stirring at room temperature. The solution was stirred for 3 h and poured into a 
beaker of crushed ice. A dark greenish solid mixture settled at the bottom upon standing. 
The dark solid was extracted with ethyl ether (4 × 20 mL) and the combined organics were 
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washed with DI water, dried and evaporated in vacuo. The solid was triturated with cold, 
anhydrous ether to obtain 2.50 g of a white, lachrymatory solid. Verified by 1H NMR 
matching to literature.248 
Synthesis of 1,2-bis(2,5-dimethylthiophene)cyclopentadiene (15). Cyclic ketone 14 
(0.300 g, 0.99 mmol) was dissolved in 15 mL of dry THF and added dropwise to a solution 
of lithium aluminum hydride (50.0 mg, 1.30 mmol) suspended in 15 mL THF at room 
temperature. The mixture was stirred for 6 h and the reaction quenched with 0.100 mL of 
dilute HCl. The solution was filtered through a thin pad of silica and the solvents 
evaporated. The crude alcohol was dissolved in anhydrous hexane, about 1.00 g of 
anhydrous MgSO4 added to it, and the solution was stirred for 8 h under reflux. The solution 
was filtered, dried, and purified using column chromatography on SiO2 with 10% ethyl 
acetate in hexane to recover 0.120 g (0.420 mol, 42%) of 15. 1H NMR (400 MHz, CDCl3, 
ppm): 6.598 (dt, 1H, C=CH), 6.440 (dd, 2H, -CH2), 6.420 (dt, 1H, C=CH), 3.365 (t, 1H, 
Th), 2.355 (s, 3H, CH3), 2.329 (s, 3H, CH3), 1.979 (s, 3H, CH3), 1.879 (s, 3H, CH3). 13C 
NMR (100 MHz, CDCl3, ppm):136.67, 131.21, 131.08, 129.01, 127.05, 126.73, 68.35, 
38.95, 30.58, 29.14, 23.96, 23.19, 15,37, 14.26, 11.17. 
Synthesis of [Tl{1,2-C5H3(2,5-MeC4H2S)2] (19). TlOEt (0.09 mL, 324 mg, 1.3 mmol) 
was added via syringe to a 100-mL Schlenk flask containing a solution of 15 (300 mg, 1.12 
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mmol) in 10 mL anhydrous THF.  Brownish precipitate slowly began forming and the 
suspension was allowed to stir for additional 4 h at room temperature. Volatiles were 
removed in vacuo and the crude reddish brown solid triturated with cold pentane to give 
cream powder of 19 (439 mg, 0.896 mmol, 80.0%). 1H NMR (400 MHz, DMSO, ppm):  
δ 6.408 (d, 2H, Th), 5.690 (d, 2H, Cp), 5.816 (t, 1H, Cp), 2.267 (s, 6H, CH3), 1.976 (s, 6H, 
CH3). 13C NMR (100 MHz, CDCl3, ppm):136.89, 135.73, 132.02, 129.56, 126.15, 119.29, 
107.97, 64.91, 14.89, 14.47, 14.37 IR (ATR, cm−1): 2853, 1242, 1445, 1143, 817, 685.  
Mp: Slow dec. from 135 ºC. 
Synthesis of 1,2-bis(2,5-dimethyl-3-thienyl)ethanedione (13). Oxalyl chloride (2.29 mL, 
3.40 g, 26.8 mmol) was added to 10 mL of 1,2-dichloroethene (DCE) in a two-neck round-
bottom flask fitted with a rubber septum and a N2 inlet maintained at −30 °C. To it was 
added 4.88 mL (8.44 g, 44.5 mmol) of TiCl4. This was stirred for 1.5 h and 2,5-
dimethylthiophene (5.00 g, 44.6 mmol) in 10 mL DCE was added dropwise over 45 min. 
The mixture was kept at −25 °C for 2 h, at room temperature for 30 min, and poured into 
ice. The organic layer was separated, and the aqueous layer extracted with chloroform. The 
combined organic layers were washed with DI water, sodium carbonate solution, followed 
by DI water and dried over magnesium sulfate. Diketone 13 (1.5g, 5.40 mmol, 12%), was 
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isolated via column chromatography on SiO2 with 5% ethyl acetate in hexane. Compound 
purity was verified by comparison with the literature.249  
Synthesis of 1,2-bis(2,5-dimethylthien-3-yl)ferrocene (17). Cyclopentadiene 15 (80.0 
mg, 0.280 mmol) was dissolved in 5.00 mL of dry THF and n-BuLi (2.40M, 0.220 mL, 
0.500 mmol) was added to it dropwise at −78 ºC. In another flask, [CpFe(fluorene)]PF6 
(0.0760 g, 0.175 mmol) was dissolved in THF at 0 ºC and t-BuOK (40.0 mg, 0.350 mmol) 
was added. Both solutions were allowed to stir for 1.5 h and the solution with compound 
10 was transferred to the other via cannula. The mixture was refluxed for 16 h. The solvent 
was evaporated and the product purified via column chromatography using hexane. 
Compound 17 (39.0 mg, 0.140 mmol, 49%) was obtained. Purity and structure were 
verified via 1H NMR and crystal structure. 1H NMR (400 MHz, CDCl3, ppm): 6.635 (d, 
2H, Th), 4.338 (d, 2H, Cp), 4.256 (t, 1H, Cp), 4.130 (s, 5H, Cp), 2.378 (d, 6H, CH3), 1.966 
(s, 6H, CH3). 13C NMR (100 MHz, CDCl3, ppm):134.03 (CHCHCH), 133.89 
(CHCHCH), 132.53 (ipso-Cp), 129.34 (ipso-Th), 82.954 (Cp), 70.463 (CH-Th), 69.417 
(Th), 66.930 (Th), 15.362 (CH3-Th), 13.836(CH3-Th). IR (ATR, cm−1): 3089, 2917, 2853, 
1242, 1445, 1143, 817, 685. Mp: 165.5–166.0 ºC 
Synthesis of 1,2-bis(2,5-dimethylthien-3-yl)cymantrene (18). Method 1. To 1,2-bis(2,5-
dimethylthiophene)cyclopentadiene (50.0 mg 0.175 mmol) dissolved in 10 mL of absolute 
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ethanol was added 0.013 mL of TlOEt (0.0450 g, 0.180 mmol). This was allowed to stir at 
room temperature until a precipitate appeared. A solution of Mn(CO)5Br (58.0 mg, 0.210 
mmol) in 10 mL of absolute ethanol was added to the mixture and refluxed overnight. The 
solvent was evaporated and the residue purified by triturating with cold pentane to obtain 
11.4 mg (0.035 mmol, 15%) of compound 18. 1H NMR (400 MHz, CDCl3, ppm):  6.416 
(s, 2H, Th), 4.898 (d, 2H, Cp), 4.672 (t, 1H, Cp), 2.328 (s, 6H, CH3), 2.105 (s, 6H, CH3). 
Method 2. To 50 mg (0.175 mmol) of 15 in 10 mL of absolute ethanol was added 15 mg 
of KOH (0.260 mmol) and 440 mg of Tl2SO4. This was stirred for 30 minutes, Mn(CO)5Br 
(60 mg, 0.220 mmol) was added, and the mixture refluxed overnight. The solvent was 
evaporated and the residue purified by trituration in cold pentane to obtain less than 10.0 
mg of target compound. 
Method 3. Tl[1,2-C5H3(2,5-MeC4H2S)2] (98.0 mg, 0.200 mmol) and 
naphthalene(tricarbonyl)manganese(I) (70.0 mg, 0.200 mmol) were added to 40 mL 
anhydrous benzene in a 125 mL Schlenk flask fitted with N2 inlet and refluxed overnight. 
The reaction was cooled and filtered through a thin pad of Celite. Volatiles were removed 
in vacuo and the crude product triturated with cold pentane to give 18 (17.8 mg, 0.042 
mmol, 21%) as light yellow solid.  
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4.3. Results and Discussion 
4.3.1. Synthesis:  
We began with 3-acetyl-2,5-dimethylthiophene (3) to prepare ligand 15 required for the 
target metallocene. The aryl alkyl ketone 3 is converted to thioamide 4 under Willgerodt-
Kindler250-252 conditions in fair yield. Thioamide 4 is hydrolyzed to acid 5, which is stable 
in air and insoluble in water. The acid 5 is reacted with N,N'-carbonyldiimidazole (CDI) 
(forming the imidazolide in situ) and Meldrum’s acid to give the intermediate C-acylated 
adduct. Solvolysis in ethanol resulted in the β-keto ester 7 with an overall yield of 45% 
(Scheme 4.2). Alkylation of 7 using 8 with metallic sodium as base in benzene gave us the 
intermediate diketone. The crude material undergoes hydrolysis and decarboxylation of the 
ethoxycarbonyl under reflux with aqueous KOH in ethanol. Purification of the UV-active 
compound 9 was done via column chromatography with ethyl ether/ethyl acetate in 
acceptable yield (Scheme 4.3). The reduction of the cyclic ketone 9 with LAH and 
dehydration using MgSO4 in refluxing hexane gave 1,2-bis(2,5-
dimethylthiophene)cyclopentadiene (15) in 45% yield. Compound 15 was unexpectedly 
stable, undergoing only minor decomposition after several weeks under N2. The low 
reactivity of the diene could be partly attributed to steric hindrance of methyl groups on 
the thiophenes. Alternative shorter routes to compound 15 were conceived as shown in 
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Scheme 4.4. First (Scheme 4.4- route A), 3-bromo-2,5-dimethylthiophene (10) was 
converted to 2,5-dimethylthiophene-3-aldehyde (11) via formylation reaction with DMF 
in low yield (23%). Condensation attempts (Scheme 4.4−Scheme	 4.5) from 11 to 12 
resulted in either recovery of the starting materials or intractable mixtures of aldol addition 
and condensation products, with the target compound as a minor product. We had hoped 
to apply Nazarov cyclization on compound 12 to get to 14, which could be reduced to diene 
15. The low reactivity of 11 could possibly be attributed to reduced electrophilicity of the 
carbonyl carbon due to low resonance energy of thiophene, coupled with electron-donating 
groups on the heterocycle. In another approach (Scheme 4.4- route B), we synthesized the 
diketone 13 by TiCl4-catalyzed acylation of 2,5-dimethylthiophene with oxalyl chloride. 
Cyclization of the diketone 13 to get the cyclic ketone 14 via double aldol condensation 
resulted in an intractable mixture of single aldol product, aldol addition product and some 
of the desired compound. The challenge in the alternative routes proposed is to optimize 
the condensation step, which if successful would provide a shorter and more convenient 
route to the target ligand 15. 
4.3.2. Spectroscopy.  
Products were characterized primarily by 1H NMR, 13C NMR and X-ray crystallography 
when possible. Attempts to crystallize compound 15 have not yielded suitable crystals for 
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X-ray study. Long-range coupling is observed on the cyclopentadiene ring protons for 
compound 15 consisting of a doublet of doublet (dd) for 4J coupling of the allylic Hs and 
doublet of triplets (dt) for the vinylic Hs (J = 1.2 Hz). Characteristic 1H NMR peaks of 1,2-
bis(2,5-dimethylthien-3-yl)ferrocene (17) include a singlet for the unsubstituted 
cyclopentadienide ligand at 4.13 ppm, and a doublet and triplet for the substituted 
cyclopentadienide ligand at 4.33 ppm and 4.26 ppm with 3J = 2.4 Hz. The 1H shifts of 
compounds 15, 17, 18 and 19 are included in Table	4.1. Direct comparison of chemical 
shift of compound 19 with the rest is not possible due to variation in solvents. However, 
changing electronic environment and chemical shift in the molecule can be deduced.  
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Table 4.1. Selected 1H shifts (ppm) for compounds 15, 17, 18 and 19. 
 C=CH C=C-CH2 H(Th) CH3 CH3 CH3 CH3 Solvent 
15 6.598, 6.420 6.44 3.365 2.355 2.329 1.979 1.879 CDCl3 
 CHCHCH CHCHCH H(Th) CH3 CH3 Cp  
17 4.256 4.338 6.635 2.378 1.966 4.13 CDCl3 
18 4.672 4.898 6.416 2.328 2.105 - CDCl3 
19 5.690 5.816 6.408 2.267 1.976 - DMSO 
 
Proton resonances of the substituted Cp of the manganese complex 18 appear downfield 
from those of the iron complex 17 due the stronger electron-withdrawing effect of the 
manganese tricarbonyl center. 
Conformation of the 2,5-dimethylthiophene moieties in solution is thought to be in 
dynamic equilibrium between the parallel and anti-parallel forms.149,160,172 Presence of 
slightly broadened methyl 1H NMR peaks with a ratio of six protons each indicates parallel 
conformation of the substituents, which was confirmed by X-ray crystallography in case 
of 17. Photocyclization reaction attempt using a high-power UV lamp with 150 nm cutoff 
filter suggested minimal interconversion between the ring-closed and ring-open forms 
(Figure	4.1). The solution darkened upon 5−10 minutes of irradiation, but reversibility 
could not be observed. Minor changes in absorbance are observed from 310 to 340 nm and 
at a peak of about 430 nm after irradiation. Changes in polarity of the solvent is understood 
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to affect the conformation in solution of diarylethenes and hence, cycloreversion upon 
irradiation. There were no differences observed between irradiation of compound 17 in 
hexane vs. acetonitrile. 
	
Figure 4.1. Absorption spectra of compound 17 
132	
 
Figure 4.1 contd. 
The dominant parallel conformation of the thienyl groups of 17 is the likely reason for 
minimal photocyclization reaction. Occurrence of side processes, such as demetalation 
upon cyclization, could affect reversibility of cyclization process. Ferrocene chromophore 
could also be overwhelming the color change occurring during any cyclization process. 
Decomposition product was observed over prolonged irradiation of the compound. We are 
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aware that demetalation is a possibility in case of ferrocene systems upon decrease in 
hapticity of ligand coordination resulting in decomposition. A possible side reaction 
scheme is shown below (Scheme 4.9). Due to difficulty in observation of cycloreversion, 
quantum yields have not been calculated.  
	
Scheme 4.9. Possible decomposition pathway upon irradiation. 
4.3.3. Structure 
The X-ray crystal structure of compound 17 is shown in Figure	4.2. Bond length and 
angles data are provided in Table 4.2− 	
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Table	4.3. The average metal-carbon bond distance for 17 is 2.0414(5) Å. Fe bond 
distances to C1 and C2 are slightly longer (ca. = 2.052(5) Å) than to unsubstituted carbon 
atoms C3, C4 and C5 (ca. = 2.034(5) Å). The asymmetric metal-carbon bonds do not 
indicate true ring slippage from ƞ5 toward ƞ3 since the calculated slip parameter (ΔFe−C) is 
0.018 Å. The heteroaryl rings adopt a parallel conformation in compound 17 in solid state 
with S1 and S2 rings exo to the Cp plane. Studies by Irie and coworkers149,160,172,192 
concluded that photocyclization reaction can proceed only via the antiparallel 
conformation, and as expected compound 17 does not cyclize photochemically in the 
solid state. S1 heterocycle plane is at an angle of 44.97° to the Cp plane while S2 
heterocycle plane is at an angle of 40.86°.  Appreciable C—H π interaction exists 
between the unsubstituted Cp hydrogen and thiophene ring of neighboring molecule (= 
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2.65 Å). Thus, C—H π is the primary influence during crystal packing of 17. 
	
Figure 4.2. Molecular structure of [Fe{ƞ5-C5H3(2,5-Me2Th)-1,2}(Cp)]. 
136	
	
Figure 4.3. Packing of [Fe{ƞ5-C5H3(2,5-Me2Th)-1,2}(Cp)] along the a-axis. 	 	
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Table 4.2. Crystal Data and Structure Refinement for Compound 17. 
Compound 17 
Formula C22H22FeS2  
Formula wt. (amu) 406.36 
T, K 90.0(2) 
Crystal System Monoclinic 
Space Group P21 
Z 2 
a, Å 7.5192(4) 
b, Å 7.6092(4) 
c, Å 16.2595(9) 
α, (deg) 90 
β, (deg) 97.938(2) 
γ, (deg) 90 
V, Å^3 921.37(9) 
dcalc, Mg/m3 1.465 
F (000) 424 
Crystal size (mm3) 0.300 × 0.200 × 0.010 
Absorption coefficient (mm−1)  
Diffractometer Nonius KappaCCD 
Range (deg) 2.530 to 27.543 
Limiting indices –9 ≤ h ≤ 9, –9 ≤ k ≤ 9, –21 ≤ l ≤ 21 
Reflections collected 24370 
Independent reflections 4189 
Absorption correction Semi-empirical from equivalents 
Refinement method SHELXL−97 
Refinement method Full-matrix least-squares on F2 
Data/restraints/parameter 4189 /1/ 230 
Goodness-of-fit on F2 1.014 
Final R indices [I > 2σ(I)] R1 = 0.0429, wR2 = 0.0815 
R indices (all data) R1 = 0.0632, wR2 = 0.0887 
Largest diff. peak and hole 0.661 and −0.446 eÅ−3 
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Table 4.3.  Bond Distances [Å] and Angles [°] for 17. 
Atoms Distances (A)  Atoms Angles (°) 
Fe1-C3' 2.014(6)   C2'-Fe1-C2 107.8(2) 
Fe1-C1' 2.024(6)   C4'-Fe1-C2 157.9(2) 
Fe1-C3 2.025(5)   C4-Fe1-C2 69.4(2) 
Fe1-C2' 2.031(5)   C5-Fe1-C2 68.8(2) 
Fe1-C4' 2.032(5)   C5'-Fe1-C2 160.49(19) 
Fe1-C4 2.038(5)   C1-Fe1-C2 41.4(2) 
Fe1-C5 2.040(5)   C8-S1-C9 92.8(3) 
Fe1-C5' 2.042(5)   C15-S2-C14 92.4(3) 
Fe1-C1 2.051(5)   C5-C1-C2 107.5(5) 
Fe1-C2 2.053(5)   C5-C1-C6 125.6(5) 
S1-C8 1.731(6)   C2-C1-C6 126.9(5) 
S1-C9 1.737(5)   C5-C1-Fe1 69.3(3) 
S2-C15 1.730(5)   C2-C1-Fe1 69.4(3) 
S2-C14 1.732(6)   C5-C1-C6 125.6(5) 
C1-C5 1.419(7)   C2-C1-C6 126.9(5) 
C1-C2 1.450(7)   C5-C1-Fe1 69.3(3) 
C1-C6 1.472(7)   C2-C1-Fe1 69.4(3) 
C2-C3 1.429(6)   C6-C1-Fe1 125.7(4) 
C2-C12 1.475(7)   C3-C2-C1 107.0(5) 
C3-C4 1.428(7)   C3-C2-C12 123.2(5) 
C4-C5 1.428(7)   C1-C2-C12 129.7(4) 
C6-C9 1.366(7)   C3-C2-Fe1 68.4(3) 
C6-C7 1.433(7)   C1-C2-Fe1 69.2(3) 
C7-C8 1.350(7)   C12-C2-Fe1 128.9(4) 
C8-C11 1.500(7)   C4-C3-C2 109.2(5) 
C9-C10 1.497(6)   C4-C3-Fe1 69.9(3) 
C12-C15 1.363(7)   C2-C3-Fe1 70.5(3) 
C12-C13 1.427(7)   C5-C4-C3 106.9(5) 
C13-C14 1.321(7)   C5-C4-Fe1 69.6(3) 
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C14-C17 1.504(7)   Atoms Angles (°) 
C15-C16 1.493(7)   C3-C4-Fe1 68.9(3) 
C1'-C5' 1.405(7)   C1-C5-C4 109.4(5) 
C1'-C2' 1.406(8)   C1-C5-Fe1 70.1(3) 
C2'-C3' 1.412(8)   C4-C5-Fe1 69.4(3) 
C3'-C4' 1.406(8)   C9-C6-C7 112.0(4) 
C4'-C5' 1.404(7)   C9-C6-C1 123.9(5) 
Atoms Angles (°)   C7-C6-C1 124.1(5) 
C3'-Fe1-C1' 68.2(2)   C8-C7-C6 114.8(5) 
C3'-Fe1-C3 107.7(2)   C7-C8-C11 128.9(6) 
C1'-Fe1-C3 160.9(2)   C7-C8-S1 109.9(4) 
C3'-Fe1-C2' 40.9(2)   C11-C8-S1 121.3(4) 
C1'-Fe1-C2' 40.6(2)   C6-C9-C10 130.9(5) 
C3-Fe1-C2' 124.2(2)   C6-C9-S1 110.5(4) 
C3'-Fe1-C4' 40.7(2)   C10-C9-S1 118.6(4) 
C1'-Fe1-C4' 68.4(2)   C15-C12-C13 111.0(5) 
C3-Fe1-C4' 121.6(2)   C15-C12-C2 125.7(5) 
C2'-Fe1-C4' 68.8(2)   C13-C12-C2 123.1(5) 
C3'-Fe1-C4 123.3(2)   C14-C13-C12 116.1(5) 
C1'-Fe1-C4 156.8(2)   C13-C14-C17 131.1(6) 
C3-Fe1-C4 41.14(19)   C13-C14-S2 109.6(4) 
C2'-Fe1-C4 160.5(2)   C17-C14-S2 119.3(5) 
C4'-Fe1-C4 106.2(2)   C12-C15-C16 129.4(5) 
C3'-Fe1-C5 159.7(2)   C12-C15-S2 110.9(4) 
C1'-Fe1-C5 121.7(2)   C16-C15-S2 119.6(4) 
C3-Fe1-C5 68.7(2)   C5'-C1'-C2' 108.4(5) 
C2'-Fe1-C5 157.5(2)   C5'-C1'-Fe1 70.5(3) 
C4'-Fe1-C5 122.9(2)   C2'-C1'-Fe1 70.0(3) 
C4-Fe1-C5 41.0(2)   C1'-C2'-C3' 106.9(5) 
C3'-Fe1-C5' 67.8(2)   C1'-C2'-Fe1 69.4(3) 
C1'-Fe1-C5' 40.4(2)   C3'-C2'-Fe1 68.9(3) 
C3-Fe1-C5' 157.1(2)   C4'-C3'-C2' 109.0(6) 
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C2'-Fe1-C5' 68.1(2)   C4'-C3'-Fe1 70.4(3) 
C4'-Fe1-C5' 40.3(2)   C2'-C3'-Fe1 70.2(3) 
C4-Fe1-C5' 121.1(2)   C5'-C4'-C3' 107.1(5) 
C5-Fe1-C5' 107.3(2)   C5'-C4'-Fe1 70.2(3) 
C3'-Fe1-C1 158.6(2)   C3'-C4'-Fe1 69.0(3) 
C1'-Fe1-C1 107.3(2)   C4'-C5'-C1' 108.5(5) 
C3-Fe1-C1 69.2(2)   C4'-C5'-Fe1 69.4(3) 
C2'-Fe1-C1 122.2(2)   C1'-C5'-Fe1 69.1(3) 
C4'-Fe1-C1 159.1(2)   C1'-C5'-Fe1 69.1(3) 
C4-Fe1-C1 69.3(2)   C1'-C5'-Fe1 69.1(3) 
C5-Fe1-C1 40.6(2)   C1'-C5'-Fe1 69.1(3) 
C5'-Fe1-C1 123.3(2)   C1'-C5'-Fe1 69.1(3) 
C3'-Fe1-C2 122.5(2)   C1'-C5'-Fe1 69.1(3) 
C1'-Fe1-C2 124.1(2)   C1'-C5'-Fe1 69.1(3) 
C3-Fe1-C2 41.03(18)    
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Chapter 5 : Summary and Ongoing Research 
Work undertaken so far, and possible future development in ferrocene-fused thiophene 
complexes, and 1,2-dithienyl complexes of iron and manganese are discussed below.  
Chapter 2 discussed approaches to ferrocene-fused thiophene complexes. Exploring a 
shorter synthetic route to 1,2-bis(hydroxymethyl)ferrocene was the first task. This was 
followed by successful establishment of a reliable synthesis of ferroceno[c]2,5-
dihydrothiophene-S-oxide (12), the penultimate compound to ferroceno[c]thiophene. 1,2-
Bis(thiouroniummethyl)ferrocene (8) is a unique salt that is stable, easy to handle and 
provides multiple pathways for further functionalization at the 1,2-position of substituted 
ferrocene. The next derivative, 1,2-bis(mercaptomethyl)ferrocene (9) was obtained in 
moderate yield and provides another precursor to 1,2-substituted ferrocenes. Our 
investigation achieved ring contraction of ferroceno[d]-1,2-dithiane (10) to ferroceno[c]-
2,5-dihydrothiophene (11) using tris(diethylamino)phosphine and oxidation of 11 to 
provide 12 in reasonable yields and moderately mild conditions. We discovered that 
methylene hydrogens on 12 are not activated enough for Pummerer rearrangement using 
acetic anhydride, but TFAA was too harsh for the metallocene and resulted in 
decomposition. Second part of chapter 2 involved investigations into substituted 
heterocycles. Thionation of 1,2-bis(pivaloyl)ferrocene (24) using Lawesson’s reagent 
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yielded the demetalated ligand dimer (26) suggesting electron-donating substituents likely 
destabilize the complex, resulting in decomposition. Based on experimental and theoretical 
studies, Hoogmartens et al.50,121 reported that the ground-state bulk structure of PTh is 
aromatic while that of PITN is quinoid. Metallocene-fused thiophene is analogous to PITN 
and therefore likely to be stable in the quinoid form in its ground state. Scheme 5.1 shows 
a few potential routes to quinoid complexes of ferrocene-fused thiophene that could be 
explored using precursor 12. Proposed alkene synthesis by nucleophilic displacement of 
bromide ion from the bromide complex (Scheme 5.1) was inspired by work on 
bifluorenylidene by Bethell et al.253-255 Substituent effect with electron-withdrawing 
functionalities on ferroceno[c]thiophene is an intriguing avenue for further research.  
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Scheme 5.1.  Possible variations of ferroceno[c]bis(methylene)thiophene-S-oxide. 
In chapter 4, we established a successful synthetic pathway to 1,2-bis(2,5-dimethylthien-
3-yl)ferrocene (17) in moderate yield. We learned from its crystal structure that the 
heteroaryl substituents on the metallocene adopt a cis (or parallel) conformation, which 
unfortunately cannot lead to photochemically cyclized form. Despite being 
photochemically inactive, the complex is a unique architecture that can be further explored 
with other heteroaryl substituents. 1,2-Bis(2,5-dimethylthien-3-yl)cymantrene (18) was 
prepared and characterized via 1H NMR from a crude mixture consisting of starting 
materials, demetalated ligand by products and isomers of the target molecule. Stronger 
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bonding of the photoclosure product to the electron-deficient cymantrene center may lead 
to a more stable product than the ferrocene analog. Optimization of purification methods 
of 18 for full characterization and photocyclization studies needs to be done in the future. 
Metallocene photoswitches are a largely unexplored area of investigation and hence this 
project has a vast scope of further development.  
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